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7Li plays an important role in cosmology as one of the key elements produced 
in the big bang nucleosynthesis. Li observations in metal-poor halo stars revealed a 
plateau which confirmed.its primordial nature. However, recent precise determination 
of cosmological parameters by the WMAP cast a shadow by requiring at least a 
factor of 2 higher primordial Li abundance than observed. Moreover, since Li is also 
produced in cosmic-ray (CR) interactions, where the dominant channel is o:o: ~Li, an 
early CR population such as structure formation CRs, would act as a "contaminant" 
to the primordial 7Li content of metal-poor halo stars. This would make the already 
existing lithium problem even worse. 
Besides lithium, CRs also produce "pionic" gamma-rays through pp~ 7ro ~ 'Y'Y· 
Thus there is an intimate link between Li and gamma-rays produced in CR inter-
actions. In this thesis we explore this link and use it as a new, model-independent 
way of testing the CR nucleosynthesis of Li. We .apply this tool to test a, still hy-
pothetical, cosmological CR population. Moreover, our approach reveals yet another 
Li problem. The isotope 6Li is made only in CR interactions where the standard 
assumption is that the measured solar 6Li abundance originated from interactions 
of galactic cosmic-rays (GCRs) with the interstellar medium. However, by applying 
r 
our tool on this fiducial case, we found that 1-ray observations allow for only ~ 603 
of the solar 6Li abundance to be produced by standard GCRs. This result bears 
important consequences for the non-standard sources of 6Li nucleosynthesis such as 
decaying dark matter and low-energy cosmic-ray component. 
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7Li plays an important role in cosmology as one of the key elements produced 
in the big bang nucleosynthesis. Li observations in metal-poor halo stars revealed a 
plateau which confirmed its primordial nature. However, recent precise determination 
of cosmological parameters by the WMAP cast a shadow by requiring at least a 
factor of 2 higher primordial Li abundance than observed. Moreover, since Li is also 
produced in cosmic-ray (CR) interactions, where the dominant channel is aa --t Li, an 
early CR population such as structure formation CRs, would act as a "contaminant" 
to the primordial 7Li content of metal-poor halo stars. This would make the already 
existing lithium problem even worse. 
Besides lithium, CRs also produce "pionic" gamma-rays through pp --t 7ro --t 'Y'Y· 
Thus there is an intimate link between Li and gamma-rays produced in CR inter-
actions. In this thesis we explore this link and use it as a new, model-independent 
way of testing the CR nucleosynthesis of Li. We apply this tool to test a, still hy-
pothetical, cosmological CR population. Moreover, our approach reveals yet another 
Li problem. The isotope 6Li is made only in CR interactions where the standard 
assumption is that the measured solar 6Li abundance originated from interactions 
of galactic cosmic-rays (GCRs) with the interstellar medium. However, by applying 
our tool on this fiducial case, we found that "(-ray observations allow for only ~ 60% 
of the solar 6Li abundance to be produced by standard GCRs. This result bears 
important consequences for the non-standard sources of 6Li nucleosynthesis such as 
decaying dark matter and low-energy cosmic-ray component. 
Chapter 1 
Introduction 
Cosmic rays are energetic (most often relativistic) charged particles that originate 
in astrophysical, collisionless shocks (as opposed to e.g. planetary "bow shocks"). 
Their origin and history has been a subject of intensifying interest for almost a cen-
tury. The notion of cosmic radiation surfaced in 1912 when Victor Hess, in a series of 
balloon experiments, measured atmospheric ionization up to 5 km. His experiment 
revealed that somewhere above 1.5 km the flux of the ionizing radiation becomes 
greater than at the sea level (where it is due to natural radioactivity) and keeps 
increasing with height [14]. This discovery of "penetrating radiation" was the first 
evidence for an extraterrestrial source of ionizing radiation. However, the nature of 
cosmic rays (as they were named by Millikan in 1925), was not yet evident at the time 
since high-energy gamma rays were also speculated to be the sources of this ionizing 
radiation. The corpuscular nature of cosmic rays was discovered in 1929 in an exper-
iment done by Bothe and Kolhorster where they measured the absorption coefficient 
of "penetrating radiation" which along with the use of coincidence technique allowed 
them to rule out high-energy gamma-rays [15]. Nevertheless, the connection between 
cosmic rays and gamma rays turns out to be a deep one, which we will explore in 
detail in this thesis. The work of Baade and Zwicky in 1934 [16] presented one of the 
first evidences for supernovae as the source of cosmic rays. 
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The importance of cosmic rays is immediately evident when the energy density 
of CR protons in the interstellar medium EisM ,....., 0.83 eV /cm3 is compared with 
the energy density of the average Galactic magnetic field ( B ,....., 3 µGauss) Emag ,....., 
0.25 e V / cm3 [17]. Thus it is obvious that cosmic rays are important source energy and 
pressure, as well as non-thermal radiation. They are important probes of acceleration 
sites - supernovae, as the most common and dominant acceleration site, but also 
more exotic ones as cosmological shocks that arise during the process of large-scale 
structure formation. Moreover, cosmic rays have been measured to have energies up 
to,....., 1020 eV (e.g. Fly's Eye [18]) which provides us with a unique probe of physics 
beyond the reach of modern day accelerators. The origin of these ultra-high energy 
cosmic rays still remains a mystery. 
Cosmic rays also play a crucial role in the synthesis of lithium, beryllium and 
boron (LiBeB). In the famous paper by Burbidge, Burbidge, Fowler and Hoyle [19], 
the origin of LiBeB synthesis was described as "the x-process", since there was no 
known site for production of these light elements that could explain their observed 
stellar abundances at that time. Eventually it was shown [20] that Galactic cosmic 
ray (GCR) interactions with the interstellar medium (ISM) can successfully explain 
the observed LiBeB abundances. 
LiBeB nuclei encode the history of cosmic ray exposure in local matter. In the 
past 15 years or so, measurements of LiBeB in the Sun and in Galactic disk have 
been joined by LiBeB observations in halo stars; these offer particularly valuable 
information about cosmic-ray origins and interactions in Galactic and proto-Galactic 
matter. In particular, different scenarios for cosmic ray origin lead to different LiBeB 
trends, which have been modeled and compared with observations [see, e.g., 21-23, 
and references therein]. For the purposes of this work, the details of these models are 
less important than the following basic distinction: all LiBeB species are produced 
as cosmic rays interact with interstellar gas and fragment- "spall" -heavy nuclei, e.g., 
2 
p + 0 ~ 9Be. However, the fusion processes a+ a ~ 6•7Li yield lithium isotopes 
exclusively, and indeed dominate the cosmic-ray production of Li [24; 25]. This 
makes cosmic-ray lithium production particularly "clean" since its evolution depends 
uniquely on its exposure to cosmic rays, and unlike Be and B, does not depend on 
the ambient heavy element abundances. 
However, the story is more complex for 11 B, which can also be produced in core-
collapse supernovae by the "neutrino process" [e.g., 26; 27]. Finally, 7Li has the most 
diverse lineage. In the early Galaxy, and hence in halo stars, 7Li is dominated by 
the contribution from primordial nucleosynthesis [e.g., 28, and references therein], 
with a small contribution from cosmic-ray fusion as well as the neutrino process [29]. 
Although all LiBeB species are produced in the big bang nucleosynthesis (BBN) only 
7Li has primordial abundance that is not negligible compared its GCR nucleosynthe-
sis. Moreover, observations of Li in low-metallicity stars show flatness with respect 
to the metallicity ["Spite plateau"; 30], indicating that what we see is apparently the 
primordial 7Li abundance. 
Standard BBN theory essentially relies only on one parameter, the baryon-to-
photon ratio, to predict H, D,3 He,4 He and 7Li primordial abundances. The concor-
dance between observations of these elements has been the key to success of the BBN 
theory and a powerful tool for determining the baryon density of the universe, nb. 
However, recent determination of the Ob with high precision made by the WMAP, 
resulted in a primordial 7Li abundance predicted by the BBN theory, which is now 
substantially higher (at least a factor of'""' 2) then the primordial 7Li inferred from 
halo stars [28]. This represents a serious discrepancy which we will be referring to as 
"the 7Li problem". 
Cosmic-ray interactions with interstellar gas produce not only LiBeB, but also 
inevitably produce 1-rays. Cosmic rays in the Galactic disk today lead to pro-
nounced emission seen in the Galactic plane [1]. Thus, cosmic ray populations in 
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(and between!) external galaxies contribute to a diffuse extragalactic 1-ray back-
ground (hereafter the EGRB). The existence of an EGRB was already claimed by 
some of the first 1-ray observations [31). The most recent high-energy (i.e., roughly 
in the 30 MeV - 30 GeV range) 1-ray observations are those of the EGRET exper-
iment on the Compton Gamma-Ray Observatory, and the EGRET team also found 
evidence for a EGRB [32). The intensity, energy spectrum, and even the existence 
of an EGRB are not trivial to measure, as this information only arises as the resid-
ual after subtracting the dominant Galactic foreground from the observed 1-ray sky. 
The procedure for foreground subtraction is thus crucial, and different procedures 
starting with the same EGRET data have arrived at an EGRB with a lower intensity 
and different spectrum [3), or have even failed to find evidence for an EGRB at all 
[33). Despite these uncertainties, we will see that the EGRB (or limits to it) and Li 
abundances are mutually very constraining. 
Whether or not an EGRB has yet been detected, at some level it certainly should 
exist. EGRET detections of individual active galactic nuclei (blazars) as well as the 
Milky Way and the LMC together guarantee that unresolved blazars [e.g., 34; 35), 
and to a lesser extent normal galaxies [36), will generate a signal at or near the levels 
claimed for the EGRB. Many other EGRB sources have been proposed, but one of the 
promising has been a subject of intense interest recently: namely, 1-rays originating 
from a cosmological component of cosmic rays. This as-yet putative cosmic-ray pop-
ulation would originate in shocks [37-39) associated with baryonic infall and merger 
events during the growth of large-scale cosmic structures. Diffusive shock accelera-
tion [e.g., 40-43) would then generate a population of relativistic ions and electrons. 
Gamma-ray emission would then follow from inverse Compton scattering of electrons 
off of the ambient photon backgrounds and from decay of n° produced in hadronic 
collisions (pp -+ ppn° -+ 11) [44). The most recent semi-analytical and numerical 
calculations [45; 46) suggest that this "structure forming" component to the EGRB 
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is likely below the blazar contribution, but the observational and theoretical uncer-
tainties here remain large; upcoming '}'-ray observations by GLAST [47] will shed 
welcome new light on this problem. 
Studies of structure formation cosmic rays (hereafter SFCRs) have focused pri-
marily on their '}'-ray signatures. However, recently [48] also proposed using 6Li as a 
diagnostic of shock activity in the Local Group. These authors note that the resulting 
6Li abundances in halo stars could be used to probe the shocks and resulting cosmic 
rays in proto-Galactic matter. We also will draw on this idea, with an emphasis on 
the fact that pre-Galactic Li production would be (by itself) difficult to distinguish 
observationally from the primordial 7Li production from big bang nucleosynthesis. 
Cosmic rays created during cosmic structure formation would lead to pre-Galactic 
Li production, which would act as a "contaminant" to the primordial 7Li content 
of metal-poor halo stars. Given the already existing problem of establishing the 
concordance between 7Li observed in halo stars and primordial 7Li as predicted by 
the WMAP, it is crucial to set limits to the level of "contamination" by the SFCR 
population. 
Cosmic-ray interactions provide the only known source for the nucleosynthesis 
of 6Li, 9Be, and 10B, making these species ideal observables of cosmic ray activity. 1 
For more than a decade, a large body of work has focused on the light elements 
Li, Be, and B (LiBeB) as signatures of cosmic-ray interactions with the diffuse gas 
[for a recent review see 53]. LiBeB abundances in Galactic halo stars have been 
used to probe the history of cosmic rays in the (proto-)Galaxy, where the isotope 6Li 
is a particularly powerful probe of any cosmic-ray population, since unlike Be and 
B, it does not depend on the ambient heavy element abundances. More recently, 
a great deal of attention has been focused on high-energy '}'-rays also produced in 
1 In fact, a pre-Galactic component of 6Li can be produced in some scenarios in which dark matter 
decays via hadronic [49] or electromagnetic [50-52] channels. Such scenarios are constrained via their 
effects on the other light elements, but some level of 6Li production is hard to rule out completely. 
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interactions during cosmic-ray propagation. Here, we draw attention to the tight 
connection between these observables, particularly between ')'-rays and 6Li. 
The link between the nucleosynthesis and ')'-ray signatures of cosmic-ray history 
has been pointed out by others in multiple contexts. We note in particular the pre-
scient work of [25; 54; 55], who in a series of papers considered the implications of a 
hypothetical population of "cosmological cosmic rays" in addition to the usual Galac-
tic cosmic rays. Montmerle's analysis is impressive in its foresight and its breadth. 
[54] develops the formalism for a homogeneous population of cosmological cosmic rays 
(assumed to be created instantaneously at some redshift), and describes their propa-
gation in an expanding universe, as well as their light-element and ')'-ray production. 
He identifies the tight connection between 6Li and extragalactic ')'-rays, and exploits 
this connection to use the available EGRB data to constrain Li production for a va-
riety of different assumptions. A particularly pertinent case involves an EGRB near 
the levels discussed today ("normalization 2" in Montmerle's parlance), coupled with 
a cosmic baryon density close to modern values [e.g., 28; 56]. Under these conditions, 
[55] finds that cosmological cosmic-ray activity at a level sufficient to explain the 
EGRB also leads to a present 6Li abundance that is about an order of magnitude 
smaller than the solar abundance. This result foreshadows an important conclusion 
we will find: if the solar 6Li abundance is produced by Galactic cosmic rays, then the 
associated pionic ')'-ray production exceeds the entire EGRB by about a factor of 2. 
Our work thus follows these pioneering efforts, further emphasizing and formally 
exploring the intimate connection between cosmic-ray nucleosynthesis and high-energy 
')'-ray astrophysics. We will build on the work of [48] to point out the possible impor-
tance of another, pre-Galactic, source of cosmic-ray 7Li and 6Li, which could confound 
attempts to identify the pre-Galactic Li abundance with the primordial component. 
We cannot rule out (or in!) this possible source, but we will constrain it using ob-
servations of ')'-rays [4]. Moreover, we apply the Li-gamma-ray connection to test 
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the standard assumption that the solar 6Li abundance originates from interactions of 
galactic cosmic rays (hereafter GCRs) with the interstellar medium (hereafter ISM). 
However, this gave rise to an alarming result that although under extreme assump-
tions, the pionic 1-ray intensity that accompanies GCR production of the solar 6Li 
will not saturate the observed EGRB, when implementing more realistic ones the 
observed EGRB allows for only ~ 60% of the solar 6Li abundance to be produced 
by standard GCRs. Thus, our result represents a strong hint for the need of a new 
6Li source. We will be referring to this as "the 6Li problem". Recent suggestions 
such as dark matter and low-energy cosmic rays are discussed. Upcoming gamma-ray 
observations by GLAST [47] will better constrain (or determine!) the pionic 1-ray 
fraction of the EGRB and will thus be the key in determining the severity of this 
problem. 
Because the uncertainties in gamma-ray observations are still large to resolve these 
lithium problems, we also propose additional observational tests: 1) observations 
of lithium in low-metallicity high-velocity could provide an independent test of the 
severity of the 7Li problem as well as test the potential exposure to this cosmological 
cosmic-ray population; 2) we demonstrate how observations of the diffuse Galactic 
Plane gamma-ray emission over a wide energy range GeV-TeV-PeV could be used to 
disentangle the hadronic from the electron component of the gamma-ray observations, 
which would eliminate one uncertainty in the Li-gamma-ray connection and constrain 
the potential 6Li problem. 
This thesis is organized as follows: in chapter 2 we [57] demonstrate a model-
independent way of constraining the pionic component of the diffuse Galactic Plane 
gamma-ray emission as well as the pionic component of the EGRB where those pio-
nic gamma-rays would originate from SFCR interactions; in chapter 3 [4] we formally 
show and discuss the generality and tightness of the 6Li-1 connection and use it to 
constrain the SFCR contribution to pre-Galactic 7 Li production and to test the al-
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lowed 6Li production with GCR fusion reaction with the ISM where the standard 
single power-law cosmic-ray spectrum was assumed; in chapter 4 [5] we refine our 
analysis by employing a carefully propagated cosmic-ray spectrum, and also estimat-
ing the spallation (p, a + CNO -t 6Li) contribution to the solar 6Li abundance; in 
chapter 5 [58] we demonstrate how GeV-TeV-PeV gamma-ray observations can be 
used to determine the Galactic pionic gamma-ray component and thus eliminate one 
uncertainty that is relevant for determining the potential 6Li problem; in chapter 6 
[59] we identify a new site for measuring the pre-Galactic lithium production and 
testing the 7Li problem as well as the SFCR population. Finally, our results are 
discussed in chapter 7. 
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Chapter 2 
Upper Limits to Diffuse Pionic 
Gamma Rays 
2.1 Overview 
The prominence of diffuse emission in the 1-ray sky above ~ 50 MeV has been 
known since the earliest days of 1-ray astronomy itself [31]. These diffuse photons 
carry unique and direct information about some of the most energetic sites and pro-
cesses in nature. Diffuse 1-ray observations thus provide a powerful tool both (1) to 
test specific models of known or postulated astrophysical sources, and (2) to constrain, 
in a model-independent way, known physical processes which might occur in one or 
more sources. In this chapter 1 we take the latter approach, focusing in particular 
on the 1-ray spectrum and the constraints it places on the contribution of hadronic 
interactions to the overall diffuse background. 
The diffuse 1-ray sky is dominated by emission from the Galactic plane [1], but the 
presence of emission even at the Galactic poles already suggests that an extragalactic 
component is present as well [32]. The spectra of these two components are each 
remarkable both for what they show and what they do not show. Namely, in neither 
1 Parts of this were already published in a refereed journal [57] 
g 
spectrum is there a strong indication of hadronic interactions, which are dominated by 
proton collisions with interstellar matter, which yield 'Y-rays predominantly through 
pion production and decay: pp -> pp7r0 -> 'Y'Y· The pionic spectrum is symmetric 
about a peak at mtr/2. This feature, the "pion bump," is notably inconspicuous in 
the 'Y-ray data. 
As we will see in detail below, the Galactic spectrum is well-described by a simple 
broken power law, with a break at,...., 0.77 GeV. No strong pion bump is observed. [1] 
do note that there is as a ,...., 2a deviation in the 60-70 Me V energy bin, but this region 
in the spectrum is otherwise well-fit by a smooth power law. If real, this feature is 
remarkably narrow. Intriguingly, detailed models of known Galactic processes run into 
difficulties explaining this spectrum (and its simplicity). The model of [60] includes 
a sophisticated 2-D model of the cosmic-ray, gas, and photon fields in the Galaxy, 
and includes hadronic interactions, electron bremsstrahlung and inverse Compton 
scattering of starlight. However, when using only known cosmic ray populations 
and spectra, this model is unable to account for the observed 'Y-ray spectrum. The 
spectrum above about 1 Ge V is flatter than the prediction of pionic emission, so 
other sources seem to be required as well. Proposed explanations for this "Ge V 
excess" include modifications to the proton spectrum, and additional inverse Compton 
radiation due to an extended halo of cosmic ray electrons [60]. The main goals of this 
chapter is to quantify the portion that can be pionic. 
Information about the extragalactic component of diffuse 'Y-rays is more difficult to 
obtain, as one must first subtract the Galactic foreground, which is large at low-and 
possibly even high-Galactic latitudes. As we will see, the nature of the extragalactic 
spectrum depends on the method used to subtract the Galactic foreground. Differ-
ent techniques have recently emerged, leading to different results for the shape and 
amplitude of the spectrum. [32] find a single power-law, while [2] find a smaller but 
"convex" spectrum. In either case, no pion bump is seen. 
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Many astrophysical sites have been proposed to explain the extragalactic emission. 
These necessarily include "guaranteed" sources, namely, active [34; 35] and normal 
[36] galaxies. These are the classes of objects which have been directly detected 
in nearby objects, but which would be unresolved when at large distances. These 
sources certainly contribute to (and possibly dominate) the diffuse 1-ray sky, and 
thus must be removed from any extragalactic signal before any additional sources 
can be identified. 
Indeed, many other sources have been proposed to contribute to (and possibly 
dominate) the extragalactic 1-ray sky. Chief among these are 1-rays produced in 
the formation of large scale structures. There is a growing consensus that structure 
formation leads to shocks in the baryonic gas [37; 38; 43; 61; 62], and thus to parti-
cle acceleration [39; 45; 46; 63; 64]. The resulting "cosmological cosmic rays" have 
recently become the subject of intense interest, and the initial estimates of [44] sug-
gested that the inverse Compton radiation from the relativistic electron component 
would be sufficient to explain the entire diffuse 1-ray background. Later work showed 
[45; 46; 63] that the structure formation contribution is likely smaller, of order "" 10% 
of the (Sreekumar) background.2 Nevertheless, determining the nature of the 1-ray 
signature of SFCRs remains as a key observational and theoretical goal. 
In this chapter we will place model-independent constraints on hadronic and thus 
pionic emission mechanisms, as shown in [57]. We focuse on this component because it 
is the key ingredient that we will use in chapter 3 in order to constrain the cosmic-ray 
nucleosynthesis of Li. Moreover, detection of this component would finally confirm 
observationally the theoretical expectation that the same astrophysical acceleration 
processes which give rise to non-thermal electrons (and associated inverse Compton 
radiation) also give rise to non-thermal ions. We exploit the well-defined properties of 
2Though it should be kept in mind that the true background level could well be smaller than the 
Sreekumar estimate, in which case the structure formation component could stilt be significant. 
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the pion decay spectrum, that is, its symmetry about m7l"o /2, to quantify the maximal 
pionic fraction of the observed '}'-ray intensity. We [57] find that the Galactic spectrum 
above 30 Me V can be at most about 503 pionic. The maximum pionic contribution 
to the extragalactic spectrum is energy dependent; it also depends on the redshift 
range over which the sources are distributed, ranging from as low as about 203 for 
pions generated very recently, to as much as 903 if the pions are generated around 
redshift 10. 
2.2 Data 
We will consider the Galactic and extragalactic emission in turn. For the Galactic 
spectrum, we adopt the EGRET data [1] for the inner Galaxy (300° < £ < 60°, 
lbl :S 10°). We find that the flux density can be well-fit by a broken power law, with 
index -1.52 below 0.77 GeV, and index -2.25 above: 
EGeV < 0.77 (2.1) 
Ecev > 0.77. 
This simple fit somewhat overestimates the flux in the region within about ±100 MeV 
of the break, but this region will not strongly affect our results. 
Although diffuse emission from the Galactic plane dominates the '}'-ray sky, the 
emission is nonzero even at the Galactic poles, which suggests that there is an ex-
tragalactic component. However, it is already clear that careful subtraction will be 
crucial in obtaining the extragalactic gamma-ray spectrum. Several schemes have 
been proposed for subtraction of the Galactic foreground. The basic approach of the 
EGRET team [32] is to correlate the '}'-ray sky with tracers of Galactic '}'-ray sources. 
The dominant source is the hydrogen column, itself derived from observations of neu-
tral Hat 21 cm, H2 as traced by CO, and H II as probed by pulsar dispersion studies. 
The interstellar photon field, which is up-scattered by inverse Compton processes, is 
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also estimated. [32] find evidence for a statistically significant isotropic component, 
with flux I(> 100 MeV) = (1.45±0.05) x 10-5 photons cm-2 s-1 sr-1 and a spectrum 
consistent with a single power law of index 2.1 ± 0.03: 
( 
E )-2.i±o.03 
fobs= Io Ea (2.2) 
Recently, [2] have taken a different approach in subtracting the Galactic fore-
ground, based on their sophisticated and detailed model of the spatial and energetic 
content of the Galaxy. They used the GALPROP model for cosmic ray propagation to 
predict the Galactic component and give the new estimate of the EGRB from EGRET 
data. [2] also find evidence for an EGRB, but with a different spectral shape, and in 
general a lower amplitude than that of [32]. The [2] Galactic foreground estimates 
also includes the [60] estimate of the pionic contribution. This model-based constraint 
will serve as an important consistency check of our model-independent results. We 
used the least square method to fit their data with a cubic logarithmic function for 
the energy range 0.05-10 GeV: 
ln(JobsE2 ) = -13.9357- 0.0327lnE + 0.1091(lnE)2 + 0.0101(lnE)3 (2.3) 
In this fit energy E is understood to be in the units of Ge V and I in units of 
photons cm-2 s-1 sr-1 Gev-1 . 
Indeed, the latest analysis of EGRET data done by [33] also implies that Galactic 
foreground was underestimated in previous work. They find that Galactic foreground 
in fact dominates the sky and that only an upper limit on the EGRB can be placed. 
However, [33] analysis did not contain spectral information which is why it could 
not be further investigated in this work, being that our procedure is based on the 
spectral shapes. The data used in this chapter along with the fits are shown in Fig.2.1 
(Galactic component) and Fig.2.2 (EGRB). 
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2.3 A Simple Model for Pionic Gamma-Rays 
The general expression for the 1-ray intensity spectrum at energy E in a particular 
direction is given by the line-of-sight integral 
J(E) = 
4
1 r q(E, r') ds = ~ r r(E)nH(r') ds 
7f J1os 47f Jlos 
(2.4) 
where we have ignored absorption and scattering processes which are negligible for 
E ;S 20 GeV [e.g., 65; 66). In eq. (2.4) we write the 1-ray emissivity (production rate 
per unit volume) in terms of the local hydrogen density nH and the production rate 
per H-atom [67; 68, e.g.,) 
(2.5) 
Note that if the shape of the cosmic ray spectrum ¢(E) is the same everywhere along 
the line of sight, then J(E) = f(E)NH, where NH is the hydrogen column density, and 
thus the shape of the observed 1-ray spectrum J(E) is the same as that of the source 
r( E). This is the case of interest to us. 
The production rate r reflects the production and decay of neutral pions (with 
cross section O") due to a cosmic ray flux spectrum ¢. The shape of f(E) has well-
known properties that reflect the symmetry of the decay photons in the pion rest 
frame. As described in detail by [67; 69), the underlying isotropic nature of the rest-
frame emission and the cosmic-ray beam is encoded in the emissivity spectrum, whose 
only photon energy dependence is through the lower limit in eq. (2.5). This can be 
written as Eo(E/Eo + Eo/E) which clearly has a minimum at Eo = m7[/2, and is invariant 
under E/ Eo ~ Eo/ E; these properties guarantee that the spectrum is peaked at Eo = 69 
MeV (the pion bump) and falls off symmetrically on a log I - log E plot. 
The other key property of emissivity is found in the isobar+scaling model, which 
provides a good fit to accelerator data [68]. Namely, at high energies E » m7[/2, the 
emissivity goes to the power law f(E) ,...., c°'v (and thus by symmetry it goes at low 
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energies as E+0P). This simple asymptotic power-law dependence is what allows us to 
constrain the pionic contribution of "(-ray spectra. 
Note that the region of the spectrum immediately around the pion bump depends 
most sensitively on the details of the pion production cross section da(Ep, Err)/ dErr 
and thus on the shape of the proton spectrum </Jp(E) with which it is convolved. Con-
sequently, a detection of the pion bump, and its width, would not only unambiguously 
identify a hadronic source, but would also constrain the spectrum of source particles. 
In this case, our constraints, which are based on the absence of a pion bump and the 
asymptotic behavior of the pion spectrum, become superfluous. We look forward to 
this obsolescence, due to the eventual detection of the pion bump by GLAST or its 
successors. But until then our results remain relevant. 
A convenient semi-analytic fit to the pionic "(-ray source-function was recently 
presented by [6]. Using Dermer's model [68] for the production cross section, they 
arrive at the form: 
The spectral index o:-y determines the shape parameter 8-r = 0.140:,;-1.6 + 0.44. The 
effective cross section app they modeled to the form app = 32 x (0.96 + e4·4- 2.4°-y) 
mbarn. Following [68] we take the pion multiplicity to be ~ = 2. The cosmic ray 
projectile number density is np(r). This source function peaks at half the pion rest 
energy. In Dermer's model the "(-ray spectral index o:-y is equivalent to the cosmic ray 
spectral index i.e. o:-y = o:p [68]. Note that in our limits on the dimensionless fraction 
of observed emission that is due to pion decay, only the energy dependence (i.e., the 
shape) of the emissivity in eq. (2.6) is important. 
For the case of extragalactic emission, these pionic "(-rays can come from different 
redshifts. Thus, for extragalactic origin eq. (2.4) becomes 
I(E) = 2__ J dznH,com(z)r[(l + z)E, z] 
Ho (1 + z)'H(z) 
(2.7) 
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where the dimensionless expansion rate 1-l(z) = H(z)/ Ho takes the form 1-l(z) = 
Jnm(l + z) 3 + nA in a fiat universe.The redshift dependence of the source-function 
r depends on the nature of the emission site (galaxies, cosmological shocks, etc.). For 
purposes of illustration, we will use a single-redshift approx n(z) = n08(z - z*). In 
this approximation different z* amount to the shift of the pionic 1-ray flux in log-log 
plot. Thus in this simplistic view the form of the source-function would stay the 
same as in equation (2.6) but E'Y would be substituted with E'Y (1 + z) where E'Y is 
now the observed gamma-ray energy. Note that in this case, any pion bump would 
be redshifted, and thus would appear at energies < m'lro /2. Thus it is clear that this 
feature is not apparent in the extragalactic spectrum, which is fiat or even convex at 
these energies. 
Of course, any realistic case will include contributions from a range of redshifts. 
However, one can view this distribution as an ensemble of delta functions, which will 
be an averaging over our simple cases, with a redshift-dependent weighting which 
scales as (1 + z)-1nH,com(z)1-l(z)-1 (c.f. eq. 2.7). 
2.4 Procedure 
The main goal of this chapter is to place a constraint to the maximal pionic 
contribution to diffuse gamma-ray flux based on the shape of the pionic spectrum, 
and fact that the pion bump is not observed. The way to obtain this upper limit is to 
see how much can we increase the pionic contribution by changing the parameters that 
it depends on so that it always stays at or below the observed values at all energies. 
The parameters that we change are the projectile and target number densities that 
enter in cosmic ray production of pions and the redshift from where we assume all 





of theoretical pionic gamma-ray flux and the fit to the observed gamma-ray flux 
guarantees that the ratio I7fo /lobs is extremized (and in fact maximized for the spectra 
we consider). Here I7fo(E) = nH(T)f(E) and is given in units of Gev-1 s-1 cm-2 . The 
energy which satisfies eq. (2.8) thus sets the values of our parameters that maximize 
pionic flux. 
Since the energy of pionic gamma-rays depends on the redshift as stated in the 
previous section, the slope of this theoretical flux will be the following function of 
observed energy E and the redshift z: 
dlogl7fo (2E(l + z)/m1fo)8-r - (2E(l + z)/m1fo)-8-r 





Of course, for the Galactic spectrum we take z = 0. 
The choice of a'Y depends on the origin of cosmic rays. In the case of Galactic 
cosmic rays we will be using the classic observed-Le., propagated-value a'Y = 2.75 
(confirmed recently by, e.g., 70-72]. For extragalactic 1-rays, the sources are not 
known, but both blazars and shocks in cosmological structure formation have received 
considerable attention. For the case of blazars, it is not clear whether the emission is 
due to hadronic or leptonic processes. Blazar 1-ray spectral indices have a distribution 
which averages give to a diffuse flux with index o:'Y ,...., 2.2 [34]; if the emission is pionic 
this would be the proton index as well. Also, it is well known that the spectral index 
of cosmic rays accelerated in fairly strong shocks is a~ -2 [42; 73] which is expected 
to be the case with the cosmic rays from structure formation. Although the spectrum 
of structure-formation cosmic rays is not very well known for this purpose we will 
adopt the value o:'Y = 2.2,which is near the strong-shock limiting value of 2, and 
consistent with the Galactic source value [see discussion in, e.g., 74], as well as that 
of blazars. 
Now we have to match the slopes of the observed gamma-ray spectra to the slope 
of the theoretical pionic flux that was given in equation (2.9). This amounts to 
equating (2.9) with to the appropriate expressions for the spectra: eqs. (2.12) or 
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(2.13) for extragalactic, and eq. (2.10) for Galactic. We then solve for E1 (z), where 
we put z = 0 for the Galactic case, and z = z* for the extragalactic case. 
2.5 Results 
2.5.1 Galactic Spectrum 
As described in §2.2, we fit the EGRET data for the Galactic spectrum with a 
broken power-law (eq. 2.1), and we use the emissivity for a proton spectrum ap = 
a
1 
= 2. 75. In order to set up an upper limit to the pionic contribution we match 
the low-energy index -1.52 to the slope of pionic 1-rays; fitting to the higher energy 
portion of the spectrum would lead to an unobserved excess in the low-energy portion. 
The logarithmic slope of Galactic spectrum is then just 
d log labs = -1.52 
dlogE 
(2.10) 
We now equate this with pionic slope qiven in eq. (2.9) and solve for E1 (z = 0). 
This sets up the maximal normalization to the pionic spectrum which is plotted in the 
Fig.2.1 along with the observed Galactic spectrum. Also plotted is the logarithmic 
residual function. 
After integration over energies up to 10 Ge V we can finally obtain the maximal pi-
onic fraction of the Galactic 1-ray flux based on the shape of the pion decay spectrum 
as well as the lack of as strong detection of the pion bump: 
) _ J7ro,max(> E) f 7ro,Mw(> E - I ( ) 
obs > E 
(2.11) 
where I(> E) = JJ(E)dE. We find pionic fraction to be f7ro,Mw(> 30MeV) = 53% 
and f7ro,Mw(> 200MeV) = 81%. While this integral constraint provides a diagnostic 
of the hadronic "photon budget," we stress that the lesson of the residual plot in Fig. 
2.1 is that the deficit is not at all uniform across energies, but is very large at both 
high and low energies. 
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Figure 2.1: In this figure we present the maximal pionic contribution to the Galactic 
'Y-ray spectrum. EGRET data points are taken from [1]. The lower panels represent 
the residual, that is, log[(/ E2)obs/ (I E2)7ro] = log(/0 bs/ J7ro). Note that the kink at 0. 77 







2.5.2 Extragalactic Spectrum 
By going through the slope-matching procedure described in the previous section 
we can fix the parameters that maximize the pionic contribution to the different ex-
tragalactic 1-ray spectra we consider. For the [32] spectrum (eq. 2.2), the logarithmic 
slope is just a constant 
dlogfobs = _ 2.l 
dlogE 
On the other hand, for eq.(2.3) [2], we have 
d ln fobs 
dlnE 2 
d ln(JobsE2) 
= - + dlnE 




In our simplistic picture we assume that all of the pionic 1-rays originated at a 
single redshift. Thus we go through this procedure for a set of redshifts ranging from 
z = 0 up to z = 10. Figure 2.2 shows our maximized pionic contribution for the two 
extreme redshifts, along with the fits to the observed 1-ray spectrum and the actual 
EGRET data points [2]. We also present the residual, which is what it is left after 
pionic flux contribution is subtracted from the observed 1-ray spectrum. Here we 
see that for both EGRB spectra, the residual is large at low energies. However, the 
different shapes of the two EGRB candidate spectra lead to qualitatively different 
behavior at high energies (;(; 1 GeV): the residual remains substantial (;(; a factor 
of 2) for the [2] fit, suggesting the need for other component(s) to dominate both 
high and low energies. But for the [32] fit, the residual is small, and thus the pionic 
contribution can be dominant above 1 GeV. This difference highlights the current 
uncertainty of our knowledge of the EGRB spectrum [and even its existence, 33]. 
Our analysis thus underscores the need for a secure determination of the Galactic 
foreground and the extragalactic background. 
To finally obtain the upper limit for the 1-rays that originated from pion decay, 
























Figure 2.2: The maximal pionic contribution to the extragalactic 1-ray spectrum, 
computed by assuming that pionic 1-rays originated at a single redshift, namely at 
z* = 0 and z* = 10. EGRET data points for both fits taken from [2]. Lower panels 
represent the residual function as in Fig. 2.1. 
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Figure 2.3: In this figure we see the maximal fraction of pionic energy-integrated 
flux. It is given as a function of the redshift of origin for the pionic 1'-rays. Fluxes 
were integrated from E0 up to 10 Ge V. 
energy-integrated fluxes is the maximal fraction of pionic 1'-rays for a given redshift. 
f lOGeV E dEfrr(E, z) 
g(z) = J~OGeV d I ( ) 
Eo E obs E 
(2.15) 
In Fig. 2.3 we plot this ratio as a function of redshift for three different integration 
ranges and for both [2] and [32] fits to EGRET data. Note that the results asymptot-
ically approach unity. A glance at Figure 2.2 suggests the reason for this: the effect 
of increasing the emission redshift z* to "slide" the pionic spectrum leftward, toward 
lower energies. As a result, the peak and low-energy falloff are redshifted out of the 
fit regime, and the remaining high-energy power-law tail of the pionic emission then 






The rare isotope 6Li is made only by cosmic rays, dominantly in o:o: --. 6Li fusion 
reactions with ISM helium. Consequently, this nuclide provides a unique diagnostic of 
the history of cosmic rays in our Galaxy. The same hadronic cosmic-ray interactions 
also produce high-energy I rays (mostly via pp--. 7ro --. 11). Thus, hadronic 1-rays 
and 6Li are intimately linked. Specifically, 6Li directly encodes the local cosmic-
ray fluence over cosmic time, while extragalactic hadronic I rays encode an average 
cosmic-ray fluence over lines of sight out to the horizon. In this chapter 1 we quatify 
and examine this link, as demonstrated in [4], and show how 6Li and 1-rays can be 
used together to place important model-independent limits on the cosmic-ray history 
of our Galaxy and the universe. We first constrain 1-ray production from ordinary 
Galactic cosmic rays, using the local 6Li abundance. We find that the solar 6Li abun-
dance demands an accompanying extragalactic pionic 1-ray intensity which exceeds 
that of the entire observed EGRB by a factor of 2 - 6 [4]. We then constrain Li pro-
1 Parts of this were already published in a refereed journal [4] 
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duction using recent determinations of extragalactic ')'-ray background (EGRB). As 
noten in chapter 1 of this thesis, cosmic rays created during cosmic structure forma-
tion would lead to pre-Galactic Li production, which would act as a "contaminant" to 
the primordial 7Li content of metal-poor halo stars. In this chapter we use the EGRB 
to place an upper limit on this contamination if we attribute the entire EGRB pionic 
contribution to structure forming cosmic rays (SFCRs). Unfortunately, the uncer-
tainties in the determination of the EGRB are so large that the present ')'-ray data 
cannot guarantee that the pre-Galactic Li is small compared to primordial 
7
Li; thus, 
an improved determination of the EGRB will shed important new light on this issue. 
Our limits and their more model-dependent extensions will improve significantly with 
additional observations of 6Li in halo stars, and with improved measurements of the 
EGRB spectrum by GLAST. 
3.2 The Gamma-Ray - Lithium Connection: For-
malism 
Before doing a detailed calculation let us first establish a simple, back of the 
envelope, connection between ')'-rays and lithium. We know that low energy ("" 10 -
100 MeV /nucleon) hadronic cosmic rays produce lithium through aa _, 6,7Li + · · ·. 
But higher-energy (> 280 MeV /nucleon) cosmic rays also produce ')'-rays via neutral 
pion decay: pp --+ ?ro --+ 'Y'Y. Because they share a common origin in hadronic cosmic-
ray interactions, we can directly relate cosmic ray lithium production to "pionic" ')'-
rays. The cosmic-ray production rate of 6Li per unit volume is q(6Li) = aao:_,61 ;<I>ana, 
where <I>a is the net cosmic ray He flux, na is the interstellar He abundance, and 
O'ao:_,6
1
i is the cross section for 6Li production, appropriately averaged over the cosmic-
ray energy spectrum (detailed definitions and normalization conventions appear in 
Appendix A). Thus, the 6Li mole fraction y6 = n5/nb is just Y(6Li) rv I~! q(6Li) rv 
24 
~~---------------------........... . 
On the other hand, the cosmic-ray production rate of pionic ')'-rays is just the 
pion production rate times a factor of 2, that is, q'Y = 20"pp-nro<I>p,crnp,ism· Integrated 
over a line of sight towards the cosmic particle horizon, this gives a EGRB intensity 
1-y ,....., c J dtq-y/47r,....., 20"pp-+troc<I>pto. Thus we see that both the 6Li abundance and the 
')'-ray intensity have a common factor of the (time-integrated) cosmic-ray flux, and 
so we can eliminate this factor and express each observable in terms of the other: 
(3.1) 
From eq. (3.1) we see that the connection between cosmic-ray lithium production and 
pionic ')'-ray flux is straightforward. 
This rough argument shows the intimacy of the connection between 6Li and pionic 
')'-rays. However,this simplistic treatment does not account for the expansion of the 
universe, nor for time-variations in the cosmic cosmic- ray flux, nor for the inhomo-
geneous distribution of sources within the universe. We now include these effects in 
a more rigorous treatment. 
For Li production at location x, the production rate per unit (physical) volume is 
Here, Ya,cr = (a/p)cr is the cosmic-ray He/H ratio, and is assumed to be constant in 
space and time.2 The target density of (interstellar or intergalactic) helium is na,gas, 
which we write in terms of its ratio y~sm = ntte/nb to the baryon density. We take 
y~sm ~ 0.06 to be constant in space and time, but we do not assume this for the 
baryon density nb(x). The baryonic gas fraction 
(3.3) 
2That is, we ignore the small non-primordial 4He production by stars, and we neglect any effects 
of H and He segregation. Both of these should be quite reasonable approximations. 
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accounts for the fact that not all baryons need to be in a diffuse form. Finally, we 
will find it convenient to write qLi(x) in terms of the local baryon density and the 
local Li production rate rLi(x) per baryon. 
With these expressions, we have 
:t YLi(x) = µ(x)rLi(x) 
which we can solve to get 
YLi(x, t) = lt dt' µ(x, t') rLi(x, t') 
= Ya,cry~smO-aa lt dt' µ(x,t') <P~(x,t') 





where Fp(x, t) = J~ dt' µ(x, t') cp~r(x, t') is the local proton fluence (time-integrated 
flux), weighted by the gas fraction. Thus we see that Li (and particularly 6Li) serves 
as a "cosmic-ray dosimeter" which measures the net local cosmic-ray exposure. 
We now turn to 1 rays from hadronic sources, most of which come from neutral 
pion production and decay: pp --> 7ro --> 11· The extragalactic background due to 
these process is expected to be isotropic (at least to a good approximation). In this 
case, the total 1-ray intensity Ly = dNy / dA dt dO, integrated over all energies, is given 
by an integral 
c lt J (t) = - dt' qcom(t') 
"I 47r 0 "I 
(3.8) 
of the sources over the line of sight to the horizon. We are interested in particular 
in the case of hadronic sources, so that qcom = a3q is the total (energy-integrated) 
comoving rate of hadronic 1-ray production per unit volume; here a is the usual 
cosmic scale factor, which we normalize to a present value of ao = a( to) = 1. A 
formal derivation of eq. (3.8) appears in Appendix B, but one can arrive at this result 
from elementary considerations. Namely, note that the comoving number density 
of photons produced at any point is just n7 ,com = J~ q~om dt'. We neglect photon 
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absorption and scattering processes, and thus particle number conservation along 
with homogeneity and isotropy together demand that the comoving number density 
of ambient photons at any point is the same as the comoving number density of 
photons produced there. Furthermore, the total (energy-integrated) photon intensity 
is also isotropic and thus by definition is I,= n1 ,comc/4n, which is precisely what we 
find in eq. (3.8). 
The comoving rate of pionic 1-ray production per unit volume at point sis 
where nH is the (comoving) hydrogen density, and cl>p = 4n J Ip(E)dE is the total 
(integrated over energy E) omnidirectional cosmic-ray proton flux. The flux-averaged 
pionic 1-ray production cross section is 
(3.10) 
where the factor of 2 counts the number of photons per pion decay, (Jno is the cross 
section for pion production and (n is the pion multiplicity, and the factor ~a = 1.45 
accounts for pa and aa reactions [68]. 




is a mean value of the cosmic-ray fluence along the line of sight, where the average 
is weighted by the gas fraction and the ratio nl,0 m ( S) / nb,o of the local baryon density 
along the photon path. Note that the 1-ray sources are sensitive to the overlap 
of the cosmic-ray flux with the diffuse hydrogen gas density, and thus need not be 
homogeneous. Even so, we still assume the ERGB intensity to be isotropic, which 
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corresponds to the assumption that the line-of-sight integral over the sources averages 
out any fluctuations. 
One further technical note: Ly,, = I,,, ( > 0) = J000 dE1 l1 ,, ( E7 ) represents the total 
pionic 1-ray flux, integrated over photon energies. While this quantity is well-defined 
theoretically, real observations have some energy cutoff, and thus report I,(> Eo) = 
,L~ dE,../-y(E7), typically with Eo = 100 MeV. But the spectrum of pionic 1-rays will 
be shifted towards lower energies if they originate from a nonzero redshift. Thus it is 
clear that /-ray intensity I,, integrated above some energy Eo f:. 0, will be redshift-
dependent. A way to eliminate this z-dependence is to include all pionic 1-rays, that 
is to take I," = L.1"(> 0 GeV), i.e., to take Eo = 0. As discussed in more detail in 
Appendix B, the 6Li-/ proportionality is only exact for I," ( > 0), as this quantity 
removes photon redshifting effects which spoil the proportionality for Eo f:. 0. Thus 
we will have to use information on the pionic spectrum to translate between I,,, ( > Eo) 
and I,"(> O); these issues are discussed further in §3.3. l. 
Thus we see that the lithium abundance and the pionic 1-ray intensity (spectrum 




nbc a, Fp(t) 
4nya,crYa,ism a~" Fp(x, t) (3.13) 
where i denotes 6Li or 7Li. Note that this "1-to-lithium" ratio has its only significant 
space and time dependence via the ratio Fp(t)/ Fp(x, t) of the line-of-sight baryon-
averaged fluence to the local fluence. 3 
The relationship expressed in eq. (3.13) is the main result of this chapter, and we 
will bring this tool to bear on Li and 1-ray observations, using each to constrain the 
3In fact, the ratio also depends on the shape of the cosmic-ray spectrum (assumed universal), 
which determines the ratio of cross sections. We will take this into account below when we consider 








other. To do this, it will be convenient to write eq. (3.13) in the form 
I ( ) = .l . Yi(x, t) Fp(t) 
'Yrr t 0,i v: r,i ( ~ t) 
.li,0 I'p x, 
(3.14) 
where the scaling factor 
(3.15) 
is independent of time and space, and only depends, via the ratio of cross sections, on 
the shape of the cosmic-ray population considered. Table 3.1 presents the values of 
Io,i for the different spectra that will be considered in the following sections. Values 
of the scaling factor were obtained by using photon multiplicity ~'Y = 2, ( 0 = 1.45, 
baryon number density % = 2.52 x 10-7 cm-3 , CR and ISM helium abundances 
y~r = y~m = 0.1 and solar abundances as in §3.3.2. For the 7ro and lithium production 
cross-sections, we used the fits taken from [68] and [75], and from that obtained the 
ratios of flux-averaged cross-sections for different spectra, and these are also presented 
in Table 3.1. 
Table 3.1: Lithium and 1-ray Scalings and Production Ratios 
Cosmic-Ray Io,6 Io.1 
Population [cm-2s-1sr-1] a<><> /aPP 6T ,; 71" a<><> /aPP 7T ,; 71" 7Li/6Li 
GCR 9.06 x 10-5 8.36 x 10-4 0.21 0.28 1.3 
SFCR 1.86 x 10-5 1.15 x 10-4 1.02 2.03 2.0 
Table 3.1 shows that the different cosmic-ray spectra lead to very different Li-to-1 
ratios. For example, the 6Li-to-1 ratio a6[,/ a~P is almost a factor of 5 higher in 
the SFCR case than in the GCR case. The reason for this stems from the different 
threshold behaviors and energy dependences of the Li and 7ro production cross sec-
tions. Li production via o:o: fusion has a threshold around 10 Me V /nucleon, above 
which the cross section rapidly rises through some resonant peaks. Then beyond "' 15 
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MeV /nucleon, the cross section for 6Li drops exponentially as e-E/16 MeV /nucleon[75], 
rapidly suppressing the importance of any projectiles with E » 16 Me V /nucleon. 
Thus, as has been widely discussed, Li production is a low-energy phenomenon for 
which the important projectile energy range is roughly 10 - 70 MeV /nucleon. 
On the other hand, pp~ 7!'0 production has a higher threshold of 280 MeV, and 
the effective cross section ('ll'a;P rises with energy up to and beyond 1 GeV. Neutral 
pion production is thus a significantly higher-energy phenomenon. 
These different cross section behaviors are sensitive to the differences in the two 
cosmic-ray spectra we adopt. On the one hand, we adopt a GCR spectrum that 
is a power law in total energy: </>p(E) ex (mp+ E)-2·75 , a commonly-used [e.g., 68] 
approximation to the locally observed (i.e., propagated) spectrum. This spectrum is 
roughly constant for E < mp. Thus, there is no reduction in cosmic-ray flux between 
the Li and 7!'0 thresholds. Furthermore the flux only begins to drop far above the 7!'0 
threshold at 280 MeV, so that there is significant pion production over a large range 
of energies, in contrast to the intrinsically narrow energy window for Li production. 
As a result of the effects, a6I,/ a!J1 « 1 for the GCR case. 
In contrast, the SFCR flux is taken to be the standard result for diffusive accel-
eration due to a strong shock: namely, a power law in momentum </>(E) ex p(E)-2 . 
This goes to </> ex E-1 at E :S mp, and ¢ ex E-2 at higher energies. This spectrum 
thus drops by a factor of 28 between the Li and 7l'o thresholds, and continues to drop 
above the 7!'0 threshold, offsetting the rise in the pion cross section. This behavior 
thus suppresses 7!'0 production relative to the GCR case, and thus we have a signifi-
cantly higher a6I,/ a~P ratio. As we will see, these ratios-and the differences between 
them-will be critical in deriving quantitative constraints. 
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3.3 Observational Inputs 
We have seen that the EGRB intensity and lithium abundances are closely linked. 
Here we collect information on both observables. 
3.3.1 The Observed Gamma-Ray Background and Limits to 
the Pionic Contribution 
Ever since 1-rays were first observed towards the Galactic poles as well as in the 
plane [31], the existence of emission at high Galactic latitudes has been regarded as 
an indication of an EGRB. However, any information regarding the intensity, energy 
spectrum, and even the existence of the EGRB is only as reliable as the procedure for 
subtracting the Galactic foreground. Such procedures are unfortunately non-trivial 
and model-dependent. The EGRET team [32] used an empirical model for tracers of 
Galactic hydrogen and starlight, and found evidence for an EGRB which dominates 
polar emission. Other groups have recently presented new analyses of the EGRET 
data. In a semi-empirical approach using a model of Galactic 1-ray sources, [3] also 
find evidence for an EGRB, but with a different energy spectrum and a generally 
lower intensity than the [32] result. Finally, [33] find that the Galactic foreground is 
sufficiently uncertain that its contribution to the polar emission can be significant, 
possibly saturating the observations. Consequently, the [33] analysis is unable to 
confirm the existence of an EGRB in the EGRET data; instead, they can only to 
place upper limits on the EGRB intensity. 
As shown in chapter 2 [57] a model-independent limit on the fraction of EGRB 
flux that is of pionic origin ( 1-rays that originate from 7ro decay) can be placed. 
For the pionic 1-ray source-function we use eq. (2.6). A key feature of the pionic 
1-ray spectrum is that it approaches a power law at both high and low energies, 
going to E0 .., for E « m7r/2 and to C 0 .., for E » m7r/2. In Dermer's model, the 1-
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ray spectral index lY-y is equal to the cosmic-ray spectral index. As in chapter 2[57] 
we adopt the value a"Y = 2.2 for pionic extragalactic 'Y-rays, which is consistent with 
blazars and structure-forming cosmic rays as their origin, and assume a single-redshift 
approximation, that is, we assume that these 'Y-rays are all coming from one redshift, 
and thus our limit on the maximal pionic fraction is a function of z. 
To obtain the EGRB spectrum from EGRET data, a careful subtraction of Galac-
tic foreground is needed. In chapter 2 we [57] considered two different EGRB spectra 
and obtained the following limit: for the [32] spectrum we found that the pionic frac-
tion of the EGRB (integrated spectra above 100 MeV) can be as low as about 40% 
for cosmic rays that originated at present, to about 90 % for z = 10; for the more 
shallow spectrum of [3] we found that pionic fraction can go from about 40% for z = 0 
up to about 80% for z = 10. However, the [33] analysis of the EGRET data implies 
that the Galactic foreground dominates the 'Y-ray sky so that only an upper limit on 
the EGRB can be placed, namely Li(> lOOMeV) ::; 0.5 x 10-5 cm-2 s-1 sr-1 . Thus, 
in this case, we were not able to obtain the pionic fraction. 
However, to be able to connect the pionic 'Y-ray intensity I"Y" with lithium mole 
fraction Yi as shown in (3.13), I"Y" must include all of the pionic 'Y-rays, that is, the 
spectrum has to be integrated from energy Eo = 0. The upper limit to the pionic 
'Y-ray intensity above energy Eo for a given redshift can be written as 
I"Y"(> Eo) = frr(> Eo, z)I~bs(> Eo) 
= Nmax 1
0 
tp[E(l + z)]dE 
(3.16) 
(3.17) 
where frr(> Eo, z) is the upper limit to the fraction of pionic 'Y-rays [57], J~bs(> Eo) 
is the observed intensity above some energy, while tp[E(l + z)] is the semi-analytic 
fit for pionic 'Y-ray spectrum given in eq. (2.6) [6] which is maximized with Nmax 
normalization constant. An upper limit to the pionic 'Y-ray intensity that covers all 
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energies I-y,..(> 0, z), follows immediately from the above equations: 
_ obs Jo cp[E(l + z)]dE 
I-y,..(> 0, z) - fn(> Eo, z)I'Y (> Eo) f,o <p[E(l + z)]dE (3.18) 
Now this is something that is semi-observational and can be easily obtained from 
1-ray intensity observed above some energy, and from procedure described in chapter 
2 [57] and eq. (2.6) [6]. 
3.3.2 Lithium Abundances 
Given the EGRB intensity, we will infer the amount of associated lithium pro-
duction. It will be of interest to compare this to the solar abundance, and also to 
the primordial abundance of 7Li. We take the solar Li isotope abundances from [76]: 
(6Li/H)0 = 1.53 x 10-10 and (7Li/H)0 = 1.89 x 10-9. These are derived from mete-
oritic data, and thus reflect conditions in the pre-solar nebula and in particular are 
not plagued by the well-known deficit of Li in the solar photosphere. However, it 
is worth noting that the galactic chemical evolution history of Li includes not only 
the sources we have mentioned, but also sinks. Main sequence stars destroy both Li 
isotopes in all but their outermost layers, and for stars in the mass range 1 - 4M0 
and 6 - 10M0 , there may be no additional Li production [77]. These stars thus act as 
Li sinks, and contribute to Galactic astration of Li, similar to but less severe than the 
astration of deuterium. Consequently, the solar Li isotopic abundances are strictly 
speaking a lower limit to the total Galactic production, with some additional pro-
duction [up to a factor ,....., 2 higher, using deuterium as a guide; 28] being hidden by 
astration. 
Metal-poor halo stars (extreme Population II) serve as a "fossil record" of pre-
Galactic lithium. [29] find a pre-Galactic abundance 
( Li) = (1.23~8:r~) x 10-10 H pre-Gal,obs (3.19) 
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based on an analysis of very metal-poor halo stars. On the other hand, one can use the 
WMAP [56] baryon density and BBN to predict a "theoretical" (or "CMB-based") 
primordial 7Li abundance [28]: 
(
7
Li) = (3.82~8:~~) x 10-10 
H BBN,thy 
(3.20) 
These abundances are clearly inconsistent. Possible explanations for this discrep-
ancy include unknown or underestimated systematic errors in theory and/or observa-
tions or new physics; these are discussed thoroughly elsewhere [see, e.g., 78, and refs 
therein]. For our purposes, we will acknowledge this discrepancy by comparing pre-
Galactic lithium production by cosmic rays with both the observed and CMB-based 
Li abundances. 
3.4 6Li and Gamma-Rays From Galactic Cosmic 
Rays 
We have shown that 6Li abundances and extragalactic ')'-rays are linked because 
both sample cosmic-ray fluence. We now apply this formalism to ')'-ray and 6Li data. 
In this section we turn to the hadronic products of Galactic cosmic rays, which are 
believed to be the dominant source of 6Li, but a sub-dominant contribution to the 
EGRB. 
3.4.1 Solar 6Li and Gamma-rays 
We place upper limits on the lithium component of GCR origin by using the 
formalism established in earlier sections. To be able to find J'Y/YsLi from eq. (3.13) 
we assume that ratio of cosmic-ray fluence along the line of sight (weighted by gas 
fraction) to the local cosmic-ray fluence is Fp(t)/ Fp(x, t) ~ 1. That is, we assume that 
the Milky Way fluence is typical of star forming galaxies, i.e., that the ')'-luminosities 
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are comparable: LMw ~ (L)gal· Note that in the most simple case of a uniform 
approximation (cosmic-ray flux and gas fraction the same in all galaxies), the two 
fluences would indeed be exactly equal. 
Taking the solar 6Li abundance and (0"6Li) / (O"l(') = 0.21 for the ratio of GCR 
flux averaged cross-sections, we now use eq. (3.14) to find J,~(E > 0) = 9.06 x 
10-5cm-2 s-1 sr-1 is the hadronic "(-ray intensity that is required if all of the solar 
6Li is made via Galactic cosmic-rays. 
We wish to compare this 6Li-based pionic "(-ray flux to the observed EGRB in-
tensity J~hs(E > Eo). However, eq. (3.14) gives the hadronic "(-ray intensity integrated 
over all energies, whereas the observed one is above some finite energy. Thus we have 
to compute 
(3.21) 
J. dElE 7f 9 06 10-5 -2 -1 -1 EO ' . x cm s sr rd 1 Jo E E,71" (3.22) 
We follow the model of [36] to calculate the GCR emissivity over the history of the 
universe. The source function q~0m (equivalent to eq. (3.9)) is given by a coarse-
graining over galactic scales, so that 
(3.23) 
where L1 is the average galactic "(-ray luminosity (by photon number), and n~~l(z) 
is the mean comoving number density of galaxies. The key assumptions for the 
luminosity L1 are: (1) that supernova explosions provide the engines powering cosmic-
ray acceleration, so that the cosmic-ray flux <I> ex 1/J scales with the supernova rate 
and thus the star formation rate 1/;; (2) that the targets come from the gas mass 
which evolves following the "closed box" prescription; and (3) that the Milky Way 
luminosity represents that of an average galaxy. With these assumptions we have 
that L1 ex µ1/;, and thus that q~0m ex µp*, where p* is the cosmic star formation rate. 
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Following [36], the specific form of Ie,7r is expressed in terms of the present day 
Milky Way gas mass fraction µ0,Mw, cosmic star-formation rate p*(z), Milky Way 
1-ray (number) luminosity L,,Mw(z, E), cosmology nA and nm, and integrated up to 
z*, the assumed starting redshift for star formation. For this calculation we adopt 
the following values: µo,MW = 0.14, nA = 0.7, nm= 0.3 and z* = 5. For the cosmic 
star formation rate we use the dust-corrected analytic fit from [79]. Finally we need 
the (number) luminosity of pionic 1-rays which we can write as 
Ly,Mw(z,E) = f,NP =~"NP ex: <l>Mgas 
p 
(3.24) 
where np is the proton number density in the Galaxy, NP is the total number of 
protons in the Galactic ISM, while q,,,.[s-1GeV-1cm-3sc1] is the source function of 
1-rays that originate from pion decay adopted from [6]. Notice that in equation (3.21) 
we have the ratio of two integrals where integrands are identical, thus normalizations 
and constants will cancel out. Therefore, instead of using the complete form of 
L,,Mw(z, E) we need only use the spectral shape of the pionic 1-ray source function 
[6], that is, only the part that is energy-and redshift-dependent. 
Finally then, we find 
I,~(E > O.lGeV) = 3.22 x 10-5 cm-2 s-1 sr-1 (3.25) 
which we can now compare to the observed EGRB values J~bs(E > O.lGeV) that 
are given in the first column of Table 3.2. As one can see, our pionic EGRB 1-ray 
intensity is between 2 and 6 times larger than the entire observed value! Moreover, the 
total observed high-latitude (b > 30°) emission [80] is J~bs,hi-lat(> 0.1 GeV) = 1.5 x 
10-5 cm-2 s-1 sr-1 , consistent with the [32] value. Thus the GCR-based 6Li demand 
for pionic 1-rays exceeds the entire observed high-latitude signal by a factor of 2, 
independent of any prescription for Galactic foreground subtraction. The discrepancy 
is thus model-independent. 
Here it is noteworthy to compare our 6Li-based estimate of the galactic EGRB 
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contribution to the work of [36]. That calculation adopted the same model for the 
redshift history of cosmic-ray flux and interstellar gas, and so only differed from the 
present calculation in the normalization to Galactic values. [36] normalized to the 
present Galactic 1-ray luminosity. This amounts to a calibration not to the time-
integrated cosmic-ray ftuence, but rather to the instantaneous cosmic ray flux, as 
determined by the [68] emissivity, a Galactic gas mass of 1010 M8 , and an estimate of 
the present Galactic star formation rate. This normalization gave a galactic EGRB 
component which at all energies lies below the total [32] background. Our calculation 
is normalized to solar 6Li, which is a direct measure of Galactic (or at least solar 
neighborhood) cosmic-ray ftuence, and which contains fewer uncertainties than the 
factors entering in the [36] result. Yet surprisingly, the 6Li-based fiuence result gives 
a high pionic EGRB, while the more uncertain normalization gives an acceptable 
result. 
Our surprising result can have important consequences for GCRs and Li nucle-
osynthesis in general. Thus, it deserves a more careful investigation. Namely, we 
have assumed that 6Li is produced solely by aa fusion processes. However, we note 
that spallation processes of the kind p, a + CNO also produce 6Li. By ignoring 
these processes thus far, we have overestimated the aa contribution to 6Li and in 
turn overestimated its inferred EGRB contribution. Though, the spallation processes 
are negligible at low metallicities, and are even sub-dominant for an ISM with so-
lar metallicity, in a more detailed calculation this channel must be accounted for. 
Another important change in our result might come from adopting a more carefully 
propagated cosmic-ray spectrum. In this section we have been using a standard, 
single power-law spectrum, which is a good approximation for CR energies above 
"' 100 Ge V where energy losses are dominated by CR escape. However, because of 
sharply declining cross-section, 6Li production via aa fusion reaction is dominated 
by CR energies close to the threshold ("' 10 Ge V), where ionization energy losses be-
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come important, and the CR spectrum becomes less steep. Thus, taking a carefully 
propagated CR spectrum will increase GCR 6Li production as allowed by the EGRB 
observations. Finally we note that if the astration of 6Li is taken into consideration 
(c.f. §3.3.2), one might use 6Li abundance larger than solar. In that case one would 
find that the accompanying pionic EGRB 1-ray intensity is even more constraining. 
These effects will be taken into account in chapter 4 where we present a thorough 
investigation of this potential but crucial 6Li problem. 
3.4.2 The Observed EGRB and Non-Primordial Lithium 
We can exploit equation (3.14) in both directions. Here we use the observed 
EGRB spectrum to constrain the 6Li abundance produced via Galactic cosmic rays. 
By comparing this Galactic 6Li component to the observed solar abundance we can 
then place an upper limit on the residual 6Li which (presumably) was produced by 
SFCR. As described in §3.3.1, with the observed EGRB spectrum in hand we can 
place an upper limit on its fraction of pionic origin. In the case of SFCR-produced 
pionic 1-rays, we can place constraints directly only in the presence of a model for 
the SFCR redshift history. Since a full model is unavailable, below (§3.5) we adopt 
the "single-redshift approximation." However, in the case of galactic cosmic rays we 
have a better understanding of the redshift history of the sources. Therefore, we will 
follow [36] to calculate the pionic differential 1-ray intensity for some set of energies 
I -
'Ytr,E -
c r· dz ,b*(z)L-r"[(l + z)E] 
47rHo1/JMw Jo JOA+ OM(l + z)3 
[ 
1 ( 1 ) r dz(dt/dz)p*(z)l 
x µo,Mw - µo,MW -
1 L~ dz(dt/dz)p*(z) (3.26) 
where I-r" is in units of s-1 cm-2 Gev-1 , and '1/JMw is the present Milky Way star 
formation rate. For the pionic 1-ray luminosity L-r" we will, as before, use the pionic ')'-
ray source function adopted from [6] (eq. 2.6, °'-r = 2.75 for GCR spectrum), however 
we will let the normalization be determined by maximizing the pionic contribution 
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Figure 3.1: In the upper panel of this figure, we plot the pionic (dashed lines: 
green- maximized, blue- normalized to the Milky Way) EGRB spectrum, where de-
caying pions are of GCR origin, compared to the observed EGRB spectrum (solid 
line, fit to data); for purposes of illustration, we use the [3] data points, which are 
given in red crosses. The bottom panel represents the residual function, that is, 
log[(IE2)obs/(IE2)tr] = log(Iobs/Itr)· 
to the EGRB. The adopted parameters, cosmology, and cosmic star formation rate 
we keep the same as in previous subsection. 
Once we obtain the spectrum we can then fit it with 
ln(I-y .. E 2) = -14.171 - 0.546 ln E - 0.13l(ln E)2 + 0.032(1n E)3 (3.27) 
where Eis in GeV and l-y .. is in photons cm-2 s-1 sr-1 Gev-1 . The free leading term 
in the above equation is set by requiring that I-y .. = l-y,obs at the energy E = 0.44 GeV 
which maximizes pionic contribution by demanding that the pionic 1-ray spectrum 
always stays below the observed one (since the feature of pionic peak is not observed). 
We also fit the [3] data with 
ln(I-y,obsE2 ) = -14.003 - 0.144 ln E - 0.097(1n E) 2 + 0.017(1n E) 3 (3.28) 
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in the same units. 
By going through the procedure described in chapter 2 [57] we can now obtain 
an upper limit to the fraction of pionic "(-ray compared to the [3] observed EGRB 
spectrum. This maximized pionic (green dashed line), as well as the observed, "(-ray 
spectrum is presented in Fig. 3.1. We find the upper limit to pionic fraction to be 
frr(> O.lGeV) = fo.l dE I"'f,J fo.l dE I"'f,obs = 0.75. We note in passing that a maximal 
pionic fraction as appears in Fig. 3.1 gives a poor fit at energies both above and below 
the matching near 0.4 GeV, suggesting the presence of other source mechanisms. This 
mismatch reflects a similar problem in the underlying Galactic "(-ray spectrum, and 
suggests that the pionic contribution to the EGRB is in fact sub-maximal. 
Thus, the pionic "(-ray flux above 0.1 GeV is!"'!,..(> 0.1) = 0.83x10-5cm-2 s-1 sr-1 . 
From eq. (3.21) it now follows that the total flux is!"'!"(> 0) = 2.31x10-5cm-2 s-1 sc1 . 
As before, we can now use eq. (3.14) to find the GCR 6Li mole fraction 
( 
y6Li ) = !"'/" (> O) = 0.25 
Y6 9.06 x 10-5 photons cm-2 s-1 scl 
Li0 GCR 
(3.29) 
and thus, SFCR-produced 6Li can be at most (neglecting the 6Li astration) the resid-
ual 6Li 
(3.30) 
With the appropriate scaling between 7 Li and 6Li as given in Table 3.1, we can 
then determine the total elemental Li = 7Li + 6Li abundance and compare it to the 
primordial values from (3.19) and (3.20): 
(L') (11·) (11·) ~ = 3.45 x 10-10 = 0.90 If = 2.81 H1 SFCR p,thy p,obs 
So far we have been determining the maximized pionic fraction of the EGRB 
based only on the shape of the pionic spectrum. However, in the case of normal 
galaxies we have a better understanding of what that fraction should be. That is, we 
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can normalize pionic spectrum to the one of the Milky Way, and then integrate over 
the redshift history of sources. Following [36] (and references therein) we set up the 
normalization by requiring that fo.l Gev dEL'"YJz = 0, E) = f0.1 Gev dEL"f,,,Mw(E) = 
2.85 x 1042 s-1. Keeping the shape of the pionic spectrum, we can now normalize eq. 
(2.6) [6]: 
[ 
/j -Ii 1-0:"//li-y 
L"f,,(z = O,E) = 9.52 x 1044 s-1 Gev-1 (~:0 ) "/ + (~:0 ) "/ (3.31) 
Now we can use equation (3.26) to obtain the pionic spectrum which is plotted on 
the Fig. 3.l(blue dashed line). We use star formation rate 1/JMw = 3.2M0 yr-1 [81]. 
Finally we find that in this case, when pionic spectrum is normalized to the Milky 
Way, the GCR 6Li mole fraction that accompanies it is 
which then gives (Li/H)sFCR = 3.96 x 10-10 = l.03(7Li/H)p,thy = 3.22(7Li/H)p,obs, 
which is of course a weaker limit than the maximal pionic case. 
We thus see that in a completely model-independent analysis, current observations 
allow the possibility that SFCRs are quite a significant source of 6Li and of 1-rays. 
Indeed, we cannot exclude that SFCR-produced lithium can be a potentially large 
contaminant of the pre-Galactic Li component of halo stars, which would exacer-
bate the already troublesome disagreement with CMB-based estimates of primordial 
7Li. Consequently, we conclude that models for SFCR acceleration and propagation 
should include both 1-ray and 6Li production; and more constraints on SFCR, both 
theoretically (e.g., space and time histories) and observationally (e.g., EGRB and 
possibly diffuse synchrotron measurement), will clarify the picture we have sketched. 
Note that had we also considered the possibility of astration of 6Li (§3.3.2), we 
would have found a greater 6Li residual, and thus had an even larger SFCR-produced 
component. 
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3.5 6Li and Gamma-Rays From Cosmological Cos-
mic Rays 
In this section we turn to the as-yet unobserved cosmological component of cosmic 
rays, and to the synthesis of lithium by SFCR. This lithium component would be the 
first made after big bang nucleosynthesis. Any Li which is produced this way prior to 
the most metal-poor halo stars would amount to a pre-Galactic Li enrichment and thus 
would be a non-primordial Li component, unaccompanied by beryllium and boron 
production. This structure-formation Li would be an additional "contaminant" to the 
usual components in halo stars, the 7Li abundance due to primordial nucleosynthesis, 
and the 6Li and 7Li contribution due to Galactic cosmic rays [29]. Moreover, the 
pre-Galactic but non-primordial component would by itself be indistinguishable from 
the true primordial component, and thus would lead to an overestimate of the BBN 
7Li production. 
Our goal in this section is to exploit the 'Y-ray connection to constrain the structure-
formation Li contamination. Unfortunately, we currently lack a detailed understand-
ing of the amount and time-history of the structure formation cosmic rays (and result-
ing 'Y-rays and Li). Thus we will make the conservative assumption that all structure 
formation cosmic rays, and the resulting /'S and Li, are generated prior to any halo 
stars. Furthermore, we will assume that the pionic contribution to the EGRB is en-
tirely due to structure formation cosmic rays. This allows us to relate observational 
limits on the pionic EGRB to pre-Galactic Li. 
With this assumption and a SFCR composition <I>~ /<I>~r ~ y~r = 0.1, we can now 
use the appropriate scaling factor from Table 3.1 to rewrite eq. (3.13) 
(3.32) 
1.86 x 10-5 photons cm-2 s-1 sr-1 (3.33) 
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or 
( 6Li)=0538( I,£(>0) ) 6Li0 · 10-5 cm-2 s-1 sr-1 
(3.34) 
where we used the solar lithium mole fraction Y(6Lib = 1.09 x 10-10 . 
To set up an extreme upper limit on pre-Galactic SFCR 6Li, we assume that the 
entire pionic extragalactic 1-ray background came from SFCR-made pions, and was 
created prior to any halo star. As mentioned in the previous section, the method used 
in subtraction of the Galactic foreground is crucial for obtaining the EGRB spectrum. 
What is more, the EGRB spectrum is an important input parameter in the procedure 
described in chapter 2 [57] where we estimates the maximal pionic 1-ray flux that will 
be use here. Our results [4] for the SFCR lithium upper limits are collected in Table 
3.2. The results depend on the choice of the EGRB spectrum as well as the redshift of 
origin of cosmic-rays according to the single-redshift approximation used in chapter 2 
[57] to obtain the maximal pionic EGRB fraction. Note that we considered only the 
two most extreme redshifts to illustrate the results. In the Table 3.2, z is the redshift, 
I,,,(> 0) is the upper limit for the pionic 1-ray intensity above 0 energy determined 
from (3.18) as explained in the previous section, (Li/H)sF'cR is the upper limit to 
total (6Li + 7Li) lithium abundance that can be of SFCR origin, while Li~heo and Li~bs 
are the theoretical and observational primordial lithium abundances respectively as 
given in equations (3.20) and (3.19). 
Notice that for the case of [33] EGRB, since a spectrum was unavailable, the 
procedure described in chapter 2 and section §3.3.1 for maximizing the pionic fraction 
of the EGRB could not be used. Thus, to place an upper limit on SFCR lithium we 
assumed that the entire EGRB can be attributed to decays of pions, that is, assume 
I,= I,£· For the [32] and [3] EGRB spectra, we use the upper limits to I,£ obtained 
in chapter 2[57]. Once the I,£ is set we can use (3.34) to find the SFCR 6Li upper 
limit. 
To find the total halo star contribution we must also include 7Li, which is in 
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fact produced more than 6Li in aa fusion: as seen in Table 3.1, (7Li/6Li)sFCR = 
(a~fi)/(a6:Li) ~ 2.The total SFCR elemental Li production appears in Table 3.2, 
both in terms of the absolute Li/H abundance and its ratio to the different measures 
of primordial Li (§3.3.2). 
Table 3.2: Upper limit on Li of SFCR origin 
EGRB [cm-2s-1sr-1] z I,,tr(> 0) (Li/H)sF'cR 
[32] 0 8.78 x 10-6 2.19 x 10-10 0.57 1.78 0.91 
f1,obs(> 0.1) = 1.57 X 10-5 10 1.22 x 10-4 3.04 x 10-9 7.95 24.7 0.15 
[3] 0 4.59 x 10-6 1.14 x 10-10 0.30 0.93 1.29 
!"(,obs(> 0.1) = 1.11 X 10-5 10 6.27 x 10-5 1.56 x 10-9 4.09 12.69 0.21 
[33] 0 < 6.5 x 10-6 < 1.62 x 10-10 0.42 1.32 2.86 
f,,obs(> 0.1) < 0.5 X 10-5 10 < 4.03 x 10-5 < 1.00 x 10-9 2.63 8.16 0.46 
From Table 3.2 we see that the maximal possible SFCR contribution to halo star 
lithium could be quite substantial. If the pre-Galactic SFCR component is dominantly 
produced at high redshift (i.e., as in the z "' 10 results) then the maximum allowed 
Li production can exceed the primordial Li production (however it is estimated), in 
some cases by a factor up to 25! The situation is somewhat better if the pre-Galactic 
SFCR production is at low redshift, but here it is hard to understand how this would 
predate the halo star component of our Galaxy. The high-redshift result is thus the 
more likely one, but also somewhat troubling in that the limit is not constraining. 
The indirect limits on SFCR Li in the previous section are somewhat stronger, but 
these also hold the door open for a significant level of pre-Galactic synthesis. 
We caution that the lack of a strong constraint on SFCR Li production is not 
the same as positive evidence that the production was large. Recall that we have 
made several assumptions which purposely maximize the SFCR contribution; to the 
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extent that these assumptions fail, the contribution falls, perhaps drastically. A more 
detailed theoretical and observational understanding of the SFCR history, and of the 
EGRB, will help to clarify this situation. Moreover, given that the halo star Li is 
already found to be below the CMB-based 7Li BBN results, we are already strongly 
biased to believe that the pre-Galactic SFCR component is not very large. Thus one 
might be tempted instead to go the other way and use Li abundances to constrain 
SFCR activity. 
We thus now go the other way and use solar 6Li to constrain the SFCR 1-ray 
flux. Again, given our incomplete knowledge of SFCRs, we must adopt a simpli-
fying assumption about the degree of 6Li production which is due to SFCR. To 
be conservative, we make the extreme assumption that all of the solar 6Li is pro-
duced by SFCR, and thus find via eq. (3.32) that 1-flux is I"!~(> 0 GeV) > 1.86 x 
10-5 photons cm-2 s-1 sr-1. From (3.18) we can determine I"!~(> 0.1 GeV) to be 
0.23 x 10-5 < I"!~(> 0.1 GeV) < 1.43 x 10-5photons cm-2 s-1 sc1 depending on 
the redshift of pionic 1-rays, which is below the observed level as determined by [32], 
and a factor of 2-14 lower than the prediction based on GCR. Thus, for a given ob-
served intensity J~b"(> Eo) we can now use (3.18) to constraint the hadronic fraction 
of EGRB, that is, calculate frr(> Eo, z) which is also presented in the Table 3.2. 
However, since Li probably suffers some level of astration, the use of the solar 6Li 
abundance does not give us the upper most limit to the required pionic 1-ray flux 
!"!" (> 0). Thus, if one would to compensate for the depletion, the pionic fraction 
frr(> Eo, z) would become even larger. 
Indeed, this may suggest a solution to the EGRB overproduction by GCRs, seen 
in the previous section. If 6Li is mostly made by SFCRs, then the associated 1-ray 
production is in line with the observed background. In this case, 6Li would still be 
of cosmic-ray origin, but not dominated by GCR production; this situation would 
be similar to that suggested by [48], who found that CCR-created 6Li only becomes 
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comparable to the SFCR component near solar metallicities. Such a scenario faces 
tests regarding 6Li and other LiBeB abundances and their Galactic evolution. 
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Chapter 4 
Is There a Solar 6Li Problem? 
4.1 Overview 
Cosmic-ray nucleosynthesis is the only known Galactic source of the 6Li [82; 83]. 
Thus, it is a standard belief that the observed solar abundance of this isotope was 
produced by Galactic cosmic-ray (GCR) interactions with the interstellar medium 
(ISM), where aa ---t 6Li is the dominant channel [24; 25]. However, in the previous 
chapter we have shown that observations of the extragalactic gamma-ray background 
(EGRB) allow for only ,...., 25% of the solar 6Li abundance to be produced by GCRs. 
Given the current interest in 6Li, this result thus deserves a thorough investigation. 
In this chapter 1 [5] we revisit the problem of lithium-1-ray consistency with a 
more precise and realistic calculation. We now employ a carefully propagated cosmic-
ray spectrum, as opposed to the standard single-power law spectrum used in 3 [4]. 
Moreover, instead of using a convenient fit for the pionic 1-ray spectrum (eq. 2.6 [6]) 
we now calculate it self-consistently from our CR spectrum. We also estimate the 
spallation p, a+ CNO ---t 6Li contribution to the solar 6Li abundance. These effects 
slightly reduce but do not eliminate the discrepancy. Moreover, the only remaining 
effect we expect to be important- 6Li destruction as it is processed through stars-
1 Parts of this were already published in a refereed journal [5] 
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makes the problem more severe. The net effect is that in a realistic calculation, the 
observed EGRB allows for only ~ 60% of the solar 6Li abundance to be produced by 
standard GCRs. Only a conspiracy of extreme assumptions gives GCR production of 
the solar 6Li that does not at the same time saturate the observed EGRB. 
Our result represents a strong hint for the need of a new 6Li source. Recent sug-
gestions such as dark matter and low-energy cosmic rays are discussed in chapter 7. 
Upcoming gamma-ray observations by GLAST [47] will better constrain (or deter-
mine!) the pionic "(-ray fraction of the EGRB and will thus be the key in determining 
the severity of this problem. 
4.2 Cosmic-Ray Spectrum 
In eq. (3.13), the Li-"(-ray proportionality depends on the ratio of the mean cross 
sections a.)a~0 • These must be properly averaged over the GCR energy spectrum. In 
previous chapter, §3.4 [4], we have adopted a standard propagated cosmic-ray spec-
trum which is a single power-law in total energy with a spectral index a= 2.75 over 
the entire relevant energy range. While this is a commonly-used rough approximation 
to the GCR spectrum, it becomes inaccurate at energies ;S 1 Ge V, where ionization 
energy losses dominate over escape losses. Because aa -+ 6 Li threshold energy is at 
"' 10 Me V /nucleon, while pp -+ 7ro threshold is at ,....., 280 Me V, the Li-"( connection is 
particularly sensitive to GCR behavior at very low energies. Note however, that due 
to stellar wind modulation, interstellar GCR spectrum is not well measured in this 
low-energy regime. Thus in this chapter we refine on the analysis presented in §3.4[4] 
by calculating and implementing a carefully propagated CR spectrum for a leaky box 
model [84]. 
In the leaky box model CRs propagate freely in a containment volume, but with 














in the leaky box model can be written as 
on; = Q; + o(b;n;) - _l_ni = 0 
at OE Tesc (4.1) 
where the steady state was assumed. The energy per nucleon is given as E, while ni 
is the number density of CR species i in energy interval dE and Qi is the source term. 
Energy loses to the ISM (ionization) are given as b; = -(aE/at); while l/Tesc accounts 
for energy loses due to escape. Writing the flux of species i as </>;(E) = n;v(E) we can 
rewrite equation ( 4.1) as 
( 4.2) 
This is the ordinary linear differential equation and thus we find the solution in the 
form 
1 100 I I [ 1€' dE" 8(vpt)1sM] 
</>;(E) = w;(E) € dE q;(E )exp - € A(E") OE" (4.3) 
where we have introduced q;(E) = Q;(E)/PISM and w;(E) = b;/p1SM· Energy-dependent 
escape path- length A(E) is given as a function of rigidity R = cp/Ze [17]: 
{
10.8 g/cm2 /3(~)°"6 
A = VTescPISM = 




We calculate ionization energy losses d(vpt)1sM/dE = dX(E)/dE by adopting a 
standard Bethe-Bloch formula [85] where X(E) is the ionization energy loss range of 
protons in units g/cm2 (gramage): 
(4.5) 
Here Z is the projectile charge, A is the nucleon number, z is the number of 
electrons per atom (~ 1), I= 13.6 eV is the mean excitation potential of hydrogen 
ionization energy, while the mean target mass is (m) = mp L, A;y;j L, yj ~ l.4mP. 

















Cosmic Ray Spectrum 
Single power-law 
Leaky box 














Picnic Gamma-Ray Spectrum 
Pfrommer and EnssHn 
to-• 10-1 t01 
E (GeV) 
Figure 4.1: On the left panel we compare single power-law cosmic-ray spectrum 
used in chapter 3 [4] with CR spectrum calculated from the leaky box model and 
used in this chapter [5}. On the right panel we compare {6] flt for the pionic gamma-
ray spectrum (used in chapters 2, 3 and 5) with the one used in this chapter, which 
was numerically calculated from Dermer's model and using a carefully propagated 
cosmic-ray spectrum. 
[e.g., 17] qi ex: p-2·2 = ¢i(E)/A (units g-1s-1Mev-1), while we normalize it by using 
CR observations at higher energies where ¢; ( E) ex: c 2·75 . 
As we can see on the left panel of Fig. 4.1 this gives ,....., 4 times higher CR flux 
around o:o: ~ 6Li threshold, compared to the one used in §3.4 [4] where a single 
power-law spectrum was assumed, while for energies ;(; 1 Ge V a single-power law 
spectrum is a good approximation. 
4.3 Pionic Gamma-ray Spectrum 
[6] provide a useful parametrization of the pionic ')'-ray spectrum used in chapter 
2 [4]. However, here we numerically calculate the pionic ')'-ray spectrum in full detail , 
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by adopting Dermer's isobar+scaling model [68]; the pionic spectrum we adopt uses 
the same cosmic-ray spectrum as the 6Li production, and thus is self-consistent. 
At the lower energy end, Dermer's model uses the isobar theory [67], where the 7ro 
meson is produced by the excitation of the b.3; 2 resonance (pp -> pb.3;2 -> pp7r0 ). On 
the other hand, the scaling model [86] is based on the accelerator data of the Lorentz 
invariant cross section for pp -> 7ro production at energies above ,...., 12 GeV, and is 
thus used for the higher energy end in Dermer's model. 
In order to calculate I'Y,, one needs to know the history of the CR sources and the 
targets. Both histories come from cosmic star-formation rate. As described in detail in 
chapter 3 [4] we can obtain the GCR pionic 1-ray spectrum integrated over the history 
of the sources (eq. 3.26, same parameter values used). The cosmic star-formation 
rate alone fixes the shape of the pionic EGRB, but requires a normalization that 
physically connects the star formation rate to cosmic-ray flux, and which normalizes 
the present gas fraction in a typical galaxy. In order to place an upper limit to the 
pionic EGRB, we allow this normalization to vary freely to maximize (as described in 
chapter 2) the pionic 1-ray flux consistent with present EGRB observations [4; 57]. 
This is presented in Fig. 4.2 as a dotted green line. The observed EGRB spectrum 
is that of [3] and is plotted as red data points, with a black solid line fit [4]. Finally, 
we find maximal pionic 1-ray fraction to be 58% of the total observed EGRB. 
More realistically, we can use the Milky Way to determine both the scaling between 
star formation rate and cosmic-ray flux, and the present-day gas fraction. We do this 
again by following [36], in the same way as in §3.4.2, adopting the same parameters. 
The resulting 1-ray spectrum is presented in Fig. 4.2 as a blue dashed line. This 
corresponds to the pionic 1-ray contribution expected from the normal galaxies. In 
addition to this guaranteed component to the EGRB, unresolved blazars will also 
contribute significantly [36], presumably comprising much or all of the remaining 
signal. 
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Figure 4.2: In the upper panel of this figure, we plot the pionic spectrum (dotted 
green line - maximized, dashed blue line - normalized to the Milky Way), compared 
to the observed EGRB spectrum (solid line, fit to data); we use the [3] data points, 
which are given in red crosses. The bottom panel represents the residual function, 
that is, log[(JE2)obs/(JE2)7r] = log(Jobs/I7r). 
Having determined a upper limit and a more realistic estimate to I"f.,, one can find 
the corresponding 6Li abundance, via eq. (3.13). This is our main goal, to which we 
now turn. 
4.4 Estimates of GCR-Produced 6Li 
In this section we calculate limits to and estimates of the 6Li produced by GCRs 
that are allowed by preset EGRB data. We present our results in the steps of in-
creasing realism. For now we retain the Copernican assumption that the Milky Way 
cosmic-ray fluence is typical of star-forming galaxies (FMw / FMw = 1); we will revisit 
this assumption in the final chapter. 
1. By using eq. (3.13), maximal pionic 1-ray fraction and procedure described 
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in chapter 3 [4], we find the fraction of 6 Li abundance produced in o:o: ---> 6Li 
reaction to be 6Li00 = 0.61 6Li8 [6Li8 = 6Li/H = 1.53 x 10-
10
; 76]. This 
corresponds to an extreme upper limit for all 6Li produced by the GCR o:o: 
reaction. 
2. Though the o:a reaction with the ISM is the dominant channel for 6Li produc-
tion, a non-negligible contribution, especially at higher metallicity, comes from 
spallation reactions p, a + C N 0 ---> 6Li (both forward and inverse kinematics, 
that is fast heavy nuclei, are included). If the fusion and the CNO reaction 
rates were to be equal the required oxygen abundance should be ( 0 /H)eq = 
0.51 (O/H) 8 (the procedure is described in appendix C in detail). This now 
sets the normalization and allows us to calculate the total 6Li abundance pro-
duced from all channels with extreme assumption that ISM was at solar metal-
licity over the Galactic history. We find that 6LiccR = 1.79 6Li8 , which now 
represents the extreme upper limit for all 6 Li produced by GCRs. 
3. Because cosmic-ray CNO abundance is a direct function of the Galactic super-
nova rate, a precise calculation introduces a factor of 1/2, that is, instead of 
assuming solar metallicity through out history one should use an average value 
of (O/H)eq = 0.5 (O/H) 8 . This results in the total allowed GCR-produced 6Li 
abundance of 6LiccR = 1.20 6Li8 , which is still consistent with the standard 
picture. 
4. So far we have been taking the maximal (Fig.4.2, dotted green line) pionic "(-
ray fraction as allowed by the present EG RB data 2 , where we have (without 
justification) ignored the normalization and just used the shape of our spec-
trum. However, it is unrealistic to assume that entire emission is due to GCRs. 
2Determination of the EGRB relies on the subtraction of the Galactic Plane and is thus model-
dependent. Moreover, [33] report only a limit to the EGRB. Adopting this limit in our analysis 
would only strengthen our result. 
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Indeed, independent of the details of our galactic "(-ray estimate, it is clear that 
the EGRB must contain a large and perhaps dominant contribution from the 
unresolved AGNs (blazars) and so the galactic signal must leave room for this 
and cannot saturate the observed level. An estimate of the normalized GCR 
pionic "(-ray component of the EGRB (Fig. 4.2, dashed blue line) yields a spec-
trum that is a factor of 2.1 lower than the maximized value. Thus, in this most 
honest case, we find 6LiccR = 0.57 6Li8 which now falls short by about a factor 
of 2 from a standard picture of cosmic-ray 6Li nucleosynthesis. 
5. For inverse CNO kinematics a non-negligible LiBeB production comes from 
two-step spallation reactions, eg. 0 + H -+11 B + H ---+ 6Li [87]. For example, 
production rate of 6Li from two-step reactions of fast oxygen is "" 403 of single-
step fast oxygen spallation reactions, for a fixed A= 10 g/cm2 [88]. However, 
when two-step inverse CNO kinematics is taken into account, the overall increase 
is only slight and the result now becomes 
(4.6) 
Even in the most extreme assumption that the two-step rates are equal to the 
single-step inverse CNO kinematic rates, the resulting 6Li abundance would still 
be only 633 of the solar. 
6. Finally, one has to remember that the observed solar 6Li abundance is not 
the total lithium abundance produced, due to astration, that is, the fact that 
some of the gas was already processed by stars. Due to very fragile nature 
of this isotope, 6Li8 is only the lower bound on the total 6Li produced. For 
a rough estimate of the level of astration one can use the deuterium. It has 
been known that the Big Bang nucleosynthesis is the only important source 
of D [89; 90] and that it is easily destroyed in stars due to a similarly fragile 
nature. Thus by comparing the solar nebula D abundance Dpresol = 2.1 x 10-5 
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[91J with the abundance determined from 5 best quasar absorption systems 
Dqso = 2.78 x 10-5 [28], we find that roughly ,....., 25% of the gas has passed 
through stars. Thus 6Li0 is about ,....., 753 of 6Litot, and our calculated GCR 
6Li 
now becomes 6LiccR,....., 0.45 6Litot· 
We see that our result either indicates the need for a new important source of 
6Li beyond the standard GCR nucleosynthesis, or it points to a possible failure of 
the usual assumption that the average interstellar Galactic cosmic-ray flux tracks the 
instantaneous star formation rate. We will consider each possibility in turn in the 
Discussion chapter. However, one of the uncertainties comes from normalizing to the 
Milky Way. Our calculation is hampered by lack of evidence of the "pion bump" in 
the Milky Way "(-ray spectrum. Fortunately, we [58] have recently shown how future 
GeV-TeV-PeV gamma-ray observations of the diffuse emission from the Galactic 
Plane can determine the level of pionic 1-ray emission in the Milky Way, which we 
demonstrate in the next chapter [58]. 
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Chapter 5 
Diffuse Te V Gamma-Ray 
Observations 
5.1 Overview 
The Milky Way Galactic Plane has long been known to be a strong source of 
diffuse gamma-ray emission [92; 93]. The Energetic Gamma Ray Emission Telescope 
(EGRET) instrument on the Compton Gamma-Ray Observatory satellite measured 
this emission over the full sky and for energies in the range 0.03 - 10 Ge V, with 
reasonably high resolution in each bin [1, where the data are reported with angular 
bins of width 0.5 degree and with several logarithmically-spaced bins per decade in 
energy]. It was expected that a very significant component of the diffuse emission 
would arise from the decays of neutral pions ( 1To --> 'Y + "(), arising from the collisions 
of hadronic cosmic rays with the hadronic component of the interstellar medium [i.e., 
p+p--> p+p+rr0 ; 67-69]. We refer to these throughout this thesis as "pionic" gamma 
rays, to distinguish them from gamma rays produced by leptonic processes, e.g., the 
inverse-Compton upscattering of ambient photons by very high-energy electrons. 
The spatial variation of the pionic component of the diffuse Galactic gamma-
ray emission should track the column density of the interstellar medium. However, 
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since other sources of gamma rays also depend, though in more complicated ways, on 
the imprecisely-known distribution of interstellar matter and radiation, it is difficult 
to extract the pionic component by its spatial dependence alone. As discussed in 
chapter 2, the energy spectrum of the pionic gamma-rays has characteristic shape, 
however observations do not reveal any strong evidence of this "pion bump". Based 
on the lack of this feature we found the maximal pionic fraction of the diffuse Galactic 
Plane emission to be ,...., 503 [chapter 2; 57]. This is supported by the very detailed 
and comprehensive study of the Galactic gamma-ray emission by [94]. That study 
indicates that a key second feature of pionic gamma rays is that at high energies 
(certainly by ,...., 1 Te V) they should dominate the total emission and their slope will 
follow that of the hadronic cosmic rays. (The emission at energies below the bump is 
expected to be subdominant to the leptonic components.) In the Ge V energy range, 
a significant component of the observed EGRET data is not well explained, and this 
discrepancy, which is observed in all sky directions, is known as the "GeV excess" [1]. 
In this chapter 1 [58], we consider constraints on the pionic gamma rays from 
experiments operating at much higher energies than EGRET. There are upper limits 
on the total gamma-ray emission near both TeV (= 103 GeV) and PeV (= 106 GeV) 
energies. Depending on assumptions about the slope of the hadronic cosmic ray 
spectrum, these place at least somewhat restrictive limits on the pionic gamma-ray 
emission. However, the most exciting recent development is the first positive detection 
of diffuse gamma-ray emission from the Galactic Plane, by the Milagro Collaboration 
[95]. They find ¢"Y(> 3.5 TeV) = (6.8 ± 1.5 ± 2.2) x 10-11 photons cm-2 s-1 sr-1 in 
the Galactic Plane region of longitude .e E ( 40°, 100°) and latitude Jbl < 5°. The basic 
question of the present chapter is "What is the origin of the (apparently) diffuse 
flux observed by Milagro?". The Milagro Collaboration argued that their result is 
consistent with being purely pionic in origin, though they note that some of the flux 
1 Parts of this were already published in a refereed journal [58] 
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may arise from unresolved point or extended sources [95]. As we will argue in steps 
of increasing detail, their result appears to be too large to be purely pionic, and thus 
seems to indicate a new mystery of Galactic gamma rays, which we will call the "Te V 
excess." Our GeV-TeV-PeV overview perspective is shown in Fig. 5.1. In brief, our 
arguments are as follows: 
1. We can simply extrapolate the last EGRET points to higher energies, and the 
Milagro result should not exceed this trend - and while it does not, it could not 
be any larger. This is shown in Fig. 5.1 as the solid line. 2 This alone indicates 
that a strong inverse Compton component at high energies is disfavored [95], 
in agreement with considerations at lower energies [94]. In the Pe V range, this 
extrapolation appears to be at best barely allowed, and is possibly excluded, 
depending on the choice of the hadronic cosmic ray spectrum. 
2. A more sophisticated approach is to only extrapolate the pionic component to 
high energies, where it should dominate. We first consider a pionic component 
of maximal normalization (while this is unrealistically high, it is in fact lower 
than the normalization obtained if the Ge V EGRET data is effectively assumed 
to be purely pionic, as above). We allow two choices for the hadronic cosmic ray 
energy spectrum slope at high energies, as shown by the dashed lines in Fig. 5.1. 
The first, with index a = 2.61 (for d¢>jdE,....., E-°'), is motivated by the slope 
chosen by the Milagro Collaboration, which provides a good single-parameter 
fit joining the highest-energy EGRET points to the Milagro point. We argue 
below that the physics of pionic emission suggests that this is an unrealistically 
shallow spectrum if the observed GeV-TeV signal is indeed pionic. When we 
2The Milagro Collaboration extrapolated the integral energy spectrum, while we use the dif-
ferential energy spectrum (though adopting the same spectral index). While these procedures are 
in principle equivalent, the smoothness of the integral spectrum comes at the cost of correlations 
between the points. 
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instead choose a = 2. 75, in accordance with the locally observed cosmic rays 
[9], we find that the Milagro measurement is 5 times larger than the maximal 
pionic flux allowed at 3.5 TeV. The PeV limits are on the verge of ruling out (or 
detecting!) the pionic signal, regardless of the choice of a. In addition, when 
the Pe V limits are derived using local cosmic ray spectrum, this rules out the 
continuation of GeV-TeV a= 2.61 gamma-ray power law to PeV energies. 
3. More realistically, the normalization of the pionic component should be even 
lower, at most ,...., 503 of maximal in the "optimized" model of [94] designed 
to minimize the GeV excess. On the other hand, the "conventional" model of 
[94], which uses the locally observed cosmic-ray spectrum and normalization, 
comes somewhat closer to the EGRET data near the pionic maximum at mrr/2, 
but leaves the Ge V excess (thus motivating the non-standard optimized model). 
The results from the conventional model appear as the dotted line in Fig. 5.1. 
As noted by [7], the Ge V excess of the conventional model allows room for a 
large component of gamma rays from dark matter annihilation products (in-
cluding pions, though we reserve the word "pionic" to refer to pions produced 
by cosmic ray collisions with the interstellar medium). These gamma rays from 
dark matter are claimed to help ameliorate the GeV excess (note that their 
spectrum abruptly ends below the dark matter mass of 50-100 Ge V). We point 
out here that this interpretation increases the Te V excess, making the Milagro 
measurement about 10 times larger than the pionic component. 
Thus, taking a realistic normalization and slope for the pionic component, we find 
that the Milagro measurement seems to indicate a TeV excess, which would be even 
more interesting than their conclusion that their result may be consistent with being 
purely pionic. Our arguments are supported by the gamma-ray flux limits at PeV 
energies. The diffuse gamma-ray data is summarized in §5.2. In §5.3 we analyze 
the consistency of the data with diffuse pionic emission, and explore the possibility 
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of unresolved sources contributing significantly to the Milagro measurement. We go 
on in §5.4 to show how the framework of the GeV-TeV-PeV Galactic gamma-ray 
emission can be tested in detail. We conclude in §5.5 with an observational strategy 
which uses present and upcoming gamma-ray experiments to disentangle the nature 
of diffuse Galactic gamma-ray sources, both pionic and otherwise. 
The resolution of the outstanding issues has important implications for more than 
just the pionic gamma rays, and will shed new light on Galactic cosmic rays in numer-
ous ways: it will probably finally detect, and at least strongly constrain, the presence 
and interactions of hadronic cosmic rays throughout the Galactic interstellar medium; 
it will constrain the origin, source distribution, and spectra of both hadronic and lep-
tonic cosmic rays; and it will thereby sharpen our account of the Galactic cosmic 
ray energy budget and thus the efficiency of cosmic ray accelerators. Furthermore, a 
detailed and quantitative understanding of astrophysical sources of diffuse Galactic 
gamma-rays will greatly clarify the existence and nature of any other Galactic sources, 
such as dark matter. And finally, a good understanding of Galactic gamma-rays will 
allow for this foreground to be better subtracted to obtain the diffuse extragalactic 
gamma-ray background. 
5.2 High-Energy Gamma-Ray Data 
The Milagro Gamma-Ray Observatory is a ground-based water Cerenkov detector 
in New Mexico that collects air-shower particles created when high-energy particles 
interact in the atmosphere; showers initiated by gamma-rays and hadrons can be 
statistically distinguished by how they register in the detector [95-97]. The Milagro 
Collaboration recently reported a diffuse flux ¢1 (> 3.5 TeV) = (6.8±1.5±2.2) x 10-11 
photons cm-2 s-1 sr-1 of gamma rays from the Galactic Plane region £ E ( 40°, 100°) 
and latitude lbl < 5° [95]. Note that this emission is integrated over both higher 
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energies and also the entire angular region, where no resolved sources were detected 
[95]. In fact, to obtain the Galactic Plane diffuse emission Milagro did not directly 
measure the gamma-ray flux, but rather the ratio of electromagnetic to hadronic 
showers. Furthermore, their measurement was made by subtracting the off-source 
and on-source (Galactic Plane) fluxes, in order to cancel the isotropic cosmic-ray 
component; this also cancels the extragalactic gamma-ray background, which is at 
the otherwise relatively high level,....., 10-5 GeV cm-2 s-1 sr-1 (compare in Fig. 5.1). An 
independent measurement of the hadronic cosmic-ray flux was then taken to derive the 
gamma-ray flux, and the result also depends on the assumed spectral indices of each 
species. We note that for the hadronic cosmic rays, Milagro adopts the conventional 
observed value a = 2. 75. 
The Milagro Collaboration reports that their result is consistent with the diffuse 
emission extrapolated from EGRET, assuming a spectral index a = 2.61, which is 
taken from the last four points of the EGRET integral spectrum [95]. This single-
parameter fit provides a good description of these data. (By extrapolating from 
the EGRET differential spectrum, our Fig. 5.1 highlights the uncertainty in this 
procedure, that is, it demonstrates how a small change in the assumed spectral index 
can be important over a large energy range.) The apparent success of a single power 
law over this large energy baseline is very suggestive that the emission at these energies 
is dominated by a single source. In particular, given the understanding of how the 
various components of the diffuse emission change with energy from [94], one sees 
that this effectively assumes that all of the EGRET Ge V data is pionic. However, the 
Milagro Collaboration is careful to note that their result could have a contribution 
from unresolved point or extended sources [95; 98]. 
This first detection of diffuse emission at Te V energies invites a detailed com-
parison with other data. In our analysis, we will start with the assumption that 
Milagro detection corresponds to truly diffuse pionic emission, and then investigate 
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the validity and consequences of this. 
The EGRET data covers the range 0.03 - 10 GeV and is publicly available from 
the NASA archives 1 in the form of integral gamma-ray fluxes (in a given energy bin) 
at a given galactic coordinate where the coordinate step is 0.5°. We have taken those 
data points that fall into the Milagro region£ E (40°, 100°), Jbj < 5°, and averaged 
them for each energy bin. Finally, we have determined the EGRET gamma-ray flux 
at the mean energy for each bin, where the underlying assumption is that the flux is 
energy-independent over the width of a bin. This is presented in Fig. 5.1 with red 
data points. Following [94], we took fixed fractional uncertainties of 15% on the fluxes 
(since these are predominantly systematic in nature, they do not change when the 
field of view changes). Below, we additionally consider the EGRET sources detected 
in this region, taking their spectra from the Third EGRET Catalog [10]. 
We also consider the upper limits on gamma-ray fluxes from other high-energy 
experiments. Although these experiments did not observe exactly the same region of 
the Galactic Plane as Milagro, we argue that their results can be put on a common 
footing. Especially at and above 1 Te V, it is expected that the diffuse Galactic 
emission is purely pionic, and hence scales with the column density [94]. Then fluxes 
from different regions of the Galactic Plane, if corrected for differences in column 
density, can be made physically equivalent, even if they are geographically distinct. 
This depends on the common assumption that there are no significant variations in 
the hadronic cosmic ray fluxes and spectra as a function of position in the Galactic 
Plane [e.g., 99, but see also [100]]. 
To correct for the differences in column density in different regions of the Galac-
tic Plane, we take a simplistic approach and scale from the EGRET diffuse flux at 
lower energies (even though it is not purely pionic at those energies, this should be 
a reasonable approach for the relative variations in expected intensity). We calcu-
1EGRET data archive: http://cossc.gsfc.nasa.gov/docs/cgro/egret/ 
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late the region correction factor by comparing the EGRET diffuse gamma-ray flux 
averaged over the Milagro region with the one averaged over the region observed 
by a given experiment. We find that our correction factors do not vary much with 
energy. Table 5.1 summarizes the input data and the region correction factors fre· 
Here, fre = FEG,reg/ FEG,Milagro where FEG,reg and FEG,Milagro are the diffuse gamma-ray 
flux observed by EGRET and averaged over a given Galactic region and the region 
observed by Milagro, respectively. 
For energies near 1 TeV, we show in Fig. 5.1 the equivalent upper limits on the dif-
fuse Galactic gamma-ray emission from the Whipple [101], HEGRA [102] and Tibet-
II/III [103] experiments. For energies near 1 Pe V, we also show the similar upper 
limits from the CASA-MIA [104] and KASCADE [105] experiments. 
The diffuse gamma-ray limits reported have an underlying assumption of a spectral 
index. We present each observational limit as originally reported with their assumed 
spectral index. For CASA-MIA, only the ratio of gamma-ray to hadronic integrated 
fluxes was reported in [104], and we take the spectral index given by [8]. We have 
to note here that there is a strong dependence of CASA-MIA limits on the assumed 
spectral index. This point is emphasized in Fig. 5.2 where we plot the CASA-MIA 
limits for their measured spectral index a = 2.66 [8], and also for the steeper spectral 
index of a= 2.80 reported by JACEE [9]. On the other hand, the KASCADE limits 
[105] do not depend on the assumption of the spectral index [106]. 
5 .3 Analysis of the Data 
5.3.1 Diffuse Components 
For pionic gamma-ray spectrum (Per + Pism ---+ p + p + 7ro, followed by 7ro ---+ / + /) 
we again adopt [6] fit. As we can see from eq. (2.6), the pionic spectral shape is 




Table 5.1: Diffuse gamma-ray observations used in this chapter. The flux limits 
quoted by the various experiments are divided by !re before being shown in our 
Fig. 5.1; this compensates for the differences in expectations for different regions. 
Observation Region Region Spectral Confidence 
Experiment £range lbl range Correction fre Index a Limit 
Milagro ( 40°' 100°) < 50 =1 2.61 99 % 
Whipple (38.5°' 41.5°) < 20 1.6 2.4 99.9 3 
HEGRA (38°' 43°) < 20 1.6 2.6 99 3 
Tibet II, III (20°' 55°) < 20 1.6 2.5 99 % 
CASA-MIA (50°' 200°) < 50 0.7 2.66 90 3 
KASCADE R.A. E (0°, 360°) 8 E (14°, 84°) 0.2 independent 90 3 
that there are still uncertainties in this pionic source function; see the discussions 
in e.g., [107] and [108]. At the present level of analysis, the uncertainties in the 
astrophysical inputs, particularly the Galactic cosmic-ray spectrum, are larger. 3 In 
chapter 2, we [57] have shown that the lack of a strong pionic feature at mrr/2 in 
the diffuse Galactic gamma-ray data can be used to place a model-independent (i.e., 
flux-independent) upper limit on the pionic component of,..._, 503. 
For better comparison to other data, we assume a spectral index and convert the 
Milagro energy-integrated flux into a differential flux, also evaluated at 3.5 TeV. If 
we adopt the Milagro best-fit gamma-ray index of a = 2.61, we find a gamma flux 
of d<f>/dE = (3.1±1.2) x 10-14 photons cm-2 s-1 Gev-1 sc1. This point is shown in 
Fig. 5.1 as a blue triangle. We note here that if the integral flux reported by Milagro 
3For example, [108] finds that diffractive effects could change the gamma-ray index by about 
+0.05 units; this is about the level of the uncertainty in the measured local cosmic-ray spectrum, 
but much smaller than the index shift (2: 0.2 units) needed to reconcile the EGRET and Milagro 
data with the pionic signal expected from cosmic rays. 
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is recalculated for a more realistic spectral index of a = 2.75 then the variation of 
the flux is just 63, which is much smaller than reported uncertainty. 
Even when the pionic component is maximized as in chapter 2 [57], it fails to 
explain the Milagro result. To appreciate this mismatch, it is important to recall 
that the physics of the pionic signal demands that above the pion bump, the pionic 
spectrum is characterized by a single spectral index which is the same as that of the 
cosmic rays. Thus, if the high-energy EGRET and Milagro points are due to pionic 
emission, their spectral index must reflect the underlying cosmic ray index along the 
line of sight. If we adopt the best-fit EGRET /Milagro index a = 2.61 as reflecting the 
average Galactic cosmic ray spectrum towards the Milagro region, the resulting pionic 
flux at the Milagro energy is 663 of the observed result. For the locally-measured 
cosmic-ray spectral index of a= 2.75, the maximal allowed pionic contribution drops 
to just 193 of the Milagro flux. Note however that due to large uncertainties in 
Milagro measurement, the maximal fraction that the pionic gamma-ray component 
can account for in this case, can be at most about 303. Were we to raise the pionic 
prediction to meet the Milagro and high-energy EGRET signals, the result would 
overshoot the EGRET signal below 1 GeV. 
This result on the pionic normalization, supported by the more detailed work of 
[94], indicates that it is not realistic to simply extrapolate the EGRET data into the 
TeV range, where the pionic component should be dominant. At the very least, the 
non-pionic components of the GeV data should be subtracted first. Also, as shown 
by the solid line in Fig. 5.1, when the EGRET data are further extrapolated into the 
PeV range, the expectations are right on the edge of upper limits from the CASA-
MIA and KASCADE experiments. The upper dashed line in Fig. 5.1 shows a line of 
the same EGRET/Milagro best-fit spectral index (a= 2.61), with a maximal pionic 
normalization. Besides being ,...., 2 times larger than favored at low energies, this curve 
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Figure 5.1: The diffuse gamma-ray GeV-TeV-PeV spectrum of the Galactic plane 
in the region visible to Milagro. The EGRET data points and the Milagro signal are 
empirically well-fit (solid line) with a spectral index CY= 2.61. The maximized pionic 
spectrum appears in the dashed lines; we see that pionic emission having the empirical 
CY= 2.61 index (dark blue line) signal comes close to (but somewhat undershoots) the 
Milagro result; on the other hand, the maximal pionic signal generated by cosmic rays 
with the locally measured CY = 2. 75 spectrum (magenta lines) falls far short of Milagro, 
leaving a TeV excess. The dotted line represents a pionic spectrum normalized to the 
one plotted in [7] (their Fig. 5, region B) at E = 1 GeV. The PeV limits of CASA-MIA 
and KASCADE are on the verge of being constraining (see also Fig. 5.2). Finally, 
fluxes of the ten EGRET sources that we have identified were smoothed over the 
Milagro field of view and then summed, which is plotted with red dash-dotted line; 
the Milagro result falls below the extrapolation of this trend and thus demands a 
significant break in some or all of the EGRET source spectra (see also Fig. 5.3). 
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more significantly below). 
While the spectral index fit of o: = 2.61 is quite suggestive for connecting the 
EGRET and Milagro observations, it is not consistent with local observations of the 
hadronic cosmic rays, which instead suggest o: = 2. 75. Over the long lever arm of 
,...., 1 GeV to ,...., 1 TeV, this makes a significant difference. Cosmic-ray experiments 
such as JACEE fit their measured cosmic-ray spectra with o: = 2.80 ± 0.04 [9]. In 
our analysis we will adopt o: = 2. 75 as a more conventional, locally measured value, 
consistent with our previous work. In this case, we find that, even for a maximized 
pionic normalization, the pionic flux at 3.5 Te V is 5 times smaller than the Milagro 
measurement. For a pionic normalization as low as assumed by [7], the pionic flux 
at 3.5 Te V is about 10 times smaller than the Milagro measurement. In any case, 
the joint demands of using a realistic cosmic ray spectrum and not exceeding the 
maximal pionic normalization mean that the expectations fall well below the Milagro 
observation. We therefore call this problem the "TeV excess." 
Pushing beyond the Te V range to Pe V energies further constrains both the Te V 
and GeV excesses. In Fig. 5.1, we see that the upper limits reported by CASA-
MIA [104] and KASCADE [105] appear to already rule out the simple single-power-
law extrapolation from GeV energies upward. Indeed, the published PeV limits 
barely permit the maximal pionic emission allowed at an index of at the level of 
the EGRET/Milagro o: = 2.61 fit. Thus the PeV data already play a useful role in 
limiting the level of pionic emission and thus strengthening the case for a non-pionic 
TeV excess seen by Milagro. Indeed, it is clear that there is no source which can have 
a single power law spectrum which lies beneath the GeV data and matches the TeV 
signal, without running afoul of the Pe V constraints. 
Moreover, as noted above, the PeV data from CASA-MIA were obtained from a 
gamma-to-hadron shower ratio in concert with an assumed cosmic-ray spectral index 
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Figure 5.2: In this figure, we zoom in the PeV region of Fig. 5.1 to emphasize the 
strong dependence of the CASA-MIA limits on the assumed spectral index. The value 
adopted in this chapter o: = 2.66 [8] results in limits plotted as green stars. On the 
other hand, if a steeper spectrum is assumed o: = 2.80 [i.e., adopting the JACEE 
cosmic-ray flux; 9] this results in stronger CASA-MIA limits plotted as red stars. As 
in Fig. 5.1, dashed lines represent the maximal pionic spectrum for o: = 2.61 (blue) 
and o: = 2.75 (magenta), while the pionic spectrum adopted by [7] is presented as a 
dotted magenta line. 
choosing the steeper spectral index o: = 2.80 measured by [9]. ::\1"ote that because only 
the ratio of integral fluxes is given, the assumption of a different spectral index also 
results in a different normalization need to calculate gamma-ray flux. We then see 
that the limits can become much stronger in absolute terms. The pionic constraints 
remain similar, as both the data and predictions move together. On the other hand, 
the tighter absolute limits now exclude a continuation of the GeV-TeV o: = 2.61 
power-law fit to Pe V energies. 
[109] have recently shown that the attenuation of gamma rays by the interstellar 
radiation field ('y + "/ ~ e+ + e-) can be significant for energies ;::: 10 Te V and 
sightlines near the Galactic Center. This effect would be most prominent around 
100 TeV. However, at few hundred TeV attenuation by the CMB takes over and 
dominates at PeV energies [109]. As the sensitivity and impact of the PeV data 
improves, it will be necessary to take these effects into account. In addition, the 
decreasing flux and heavier composition beyond the cosmic ray knee will also reduce 
the expected gamma fluxes. 
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The presence of a TeV excess must be viewed in the light of the well-known GeV 
excess and its possible explanations. Inverse Compton scattering makes a significant 
contribution at Ge V energies, but in the Te V regime it declines rapidly, and is much 
smaller than the pionic gamma-ray flux [94]. In the [7] proposed scenario, the GeV 
excess originates from the annihilation of dark matter particles with mass~ 100 GeV. 
In this case the dark-matter gamma-ray signal will have a sharp cutoff at the dark 
matter mass, and again cannot contribute as significantly at TeV energies. (And since 
we are discussing the Galactic Plane, well away from the center, the contribution of 
any dark matter component should be greatly reduced.) In order to explain the TeV 
excess, we require a component which is subdominant at GeV energies, important at 
Te V energies, and vanishing again at Pe V energies. This might arise from unresolved 
sources with hard (a: ~ 2) spectra, cutting off before the Pe V range, and we turn to 
this possibility next. 
5.3.2 Unresolved Sources 
It is possible that unresolved point or extended sources contributed to the to-
tal gamma ray flux measured by Milagro [95; 98]. While Milagro did not find any 
resolved sources in this region of the Galactic Plane, there are ten unidentified gamma-
ray point sources in this region given in the Third EGRET Catalog [10]. (It is worth 
noting that the definition of these as point sources depends on the degree-scale angu-
lar resolution of EGRET; future experiments should be able to measure the energy 
spectra and angular extent of these sources much more precisely.) The spectra of 
these sources are described therein by single power law fits, which we extrapolate to 
the TeV range and consider as contributions to the Milagro diffuse measurement. 
In the GeV range, these objects have significantly harder spectra (a:~ 2) than the 
pionic diffuse component, so in principle, they could become quite important at higher 
energies. Additionally, we found that the combined extrapolated flux at E1 = 3.5 Te V 
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Table 5.2: Unidentified EGRET Point Sources in Milagro Region 
3EG Catalog Galactic Coords F(> lOOMeV) Spectral Index 
Source £ [OJ b [OJ [10-s cm-2 s-1J 'Y 
J1903+0550 39.52 -0.05 62.1 ± 8.9 2.38 ± 0.17 
J1928+1733 52.71 0.07 157.0 ± 36.9 2.23 ± 0.32 
J1958+2909 66.23 -0.16 26.9 ± 4.8 1.85 ± 0.20 
J2016+3657 74.76 0.98 34.7 ± 5.7 2.09 ± 0.11 
J2020+4017 78.05 2.08 123.7 ± 6.7 2.08 ± 0.04 
J2021+3716 75.58 0.33 59.1±6.2 1.86 ± 0.10 
J2022+4317 80.63 3.62 24.7 ± 5.2 2.31±0.19 
J2027+3429 74.08 -2.36 25.9 ± 4.7 2.28 ± 0.15 
J2033+4118 80.27 0.73 73.0 ± 6.7 1.96 ± 0.10 
J2035+4441 83.17 2.50 29.2 ± 5.5 2.8 ± 0.26 
of these ten point sources, spread out over the Milagro region, is :Z::::::i~ 1 F;8 (E'Y = 
3.5 TeV) '.::::'. 2.5 x 10-13 photons cm-2 s-1 Gev-1 sr-1 . Amazingly, this is about a 
factor of 10 larger than the total diffuse emission for the whole region measured by 
Milagro, i.e., Fditr(E'Y = 3.5 TeV) ~ 3.0 x 10-14 photons cm-2 s-1 Gev-1 sr-1 . Thus 
it is obvious that indeed, unresolved point sources could contribute significantly to 
the Te V excess, even taking into account the uncertainties in the extrapolations in 
energy. In fact, in order to not grossly overproduce the measured flux, the spectra of 
these ten objects must be strongly cut off before the Te V range. 
Four of these ten EGRET objects have been observed at TeV energies by the 
Whipple [11; 12J and HEGRA [13J experiments. In Fig. 5.3, we show the combined 
GeV and TeV spectral information on these objects. [13J reported a detection by 
HEGRA of the source TeV J2032+4130, which, ifrelated to the J2033+4118 EGRET 
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Figure 5.3: In this figure we plot four of the EGRET sources from the Milagro 
f E (40°, 100°), lbl < 5° region that were observed in TeV range as well; we see here 
(but also from Fig. 5.1) that the power-law trends at GeV energies must not continue 
to TeV energies. The EGRET data points (blue) were plotted using publicly available 
data. The extrapolation slope used for each source is given in Table 5.2 [10]. Limits 
at E = 3.5 TeV plotted in red were derived from observations: J2016+3657 and 
J2021+3716 Whipple [11], J2020+4017 Whipple [12], J2033+4118 HEGRA [13]. 
than what would have been expected based on the EGRET observation. If all of the 
sources were like this, then these extrapolated unresolved sources would not be able 
to explain the TeV excess. However, in the other three cases shown, the TeV limits 
are not yet strong enough to decide if these sources are excluded from contributing 
significantly to the TeV excess. For example, even when limits for just these four 
sources are used, the total flux still remains about 3 times above the Milagro diffuse 
flux; and there arc still the other six objects that we don't have information about 
yet. 
In addition, sources of comparable TeV intensity to those detected recently by 
HESS [110; 111] could contribute significantly to the flux in the Milagro region, if 
present in this region of the Galactic Plane but not resolved; these sources may be 
bright at TeV but not GeV energies. 
Consequently, it is for now impossible to determine whether the Milagro measure-
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ment arises from truly diffuse emission or unresolved sources. Even if the entire flux 
is due to unresolved sources, it is clear that all of these ten EGRET sources will have 
to be cut off before 3.5 TeV, or else the extrapolated flux could be much be too large. 
Direct observations of these ten EGRET sources in the Te V range are thus of very 
high importance for further progress. 
5.4 Implications and Observational Strategy 
The pioneering Milagro observation [95] above 3.5 TeV is the first positive de-
tection of a Galactic diffuse component at very high energies. The Milagro result 
becomes all the more powerful when placed in the context of GeV gamma-ray obser-
vations by EGRET [1], and PeV upper limits by CASA-MIA [104] and KASCADE 
[105]. In particular, the combined Ge V-Te V-Pe V signal is incompatible with emis-
sion from pions created by cosmic rays with the locally measured a = 2.75 index. 
This result follows from the physics of pion production and decay, and is independent 
of any detailed Galactic model. Moreover, pionic emission is the only conventional 
source at TeV energies. But the pionic spectral shape and the GeV EGRET data 
together constrain the pionic emission to fall below the Milagro Te V signal by at 
least a factor of rv 5 when using a pionic spectrum arising from cosmic rays as locally 
observed; even without requiring consistency with the local cosmic-rays, the deficit is 
at least a factor of rv 2. This mismatch constitutes the Te V excess. 
The Te V excess takes its place alongside the well-established Ge V excess to un-
derscore our present state of ignorance about the sources of diffuse Galactic gamma 
rays. These data demand an explanation. (1) We are challenged to determine the 
dominant sources of diffuse Galactic gamma-rays at the highest energies, and to de-
termine what portion of the emission is truly diffuse, and what portion is due to (as 
yet) unresolved point sources. (2) We are still tasked to search for a pionic signature, 
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since the mere existence of hadronic cosmic rays and of interstellar matter together 
guarantee that this flux must exist at some level in the Galactic gamma-ray sky. (3) 
Our difficulty in explaining the diffuse Galactic gamma-ray spectrum is all the more 
galling given that current measurements are consistent with a very simple spectral 
shape: as seen in Fig. 5.1, the present GeV-TeV-PeV gamma-ray data are all consis-
tent with a piecewise power law having a break at a peak around 0.8 GeV. It would 
be enormously instructive to determine whether improved spectral resolution and en-
ergy coverage confirm this simple form or reveal telltale features. For now, neither 
the low-energy or high-energy power law indices, nor the energy scale of the break, 
can easily be understood in terms of the observed properties of local Galactic cosmic 
rays. 
With these broad questions at hand, we now briefly explore astrophysical conse-
quences of some of the possible solutions, and then review the observational arsenal 
which can be brought to bear on these problems. 
5.4.1 Point Source Spectral Break: Implications 
The possibility of a spectral break for at least some Galactic point sources might 
have important implications. If Galactic point sources (presumably, supernova rem-
nants) are the dominant source of Galactic cosmic-ray protons at Te V energies then 
the shape of the diffuse pionic gamma-ray spectrum should track that of individual 
Galactic point sources. That is, if there is a break or a cutoff somewhere between 
10 GeV and 1 TeV in gamma-ray spectra of these sources that should carry over to 
spectra of cosmic rays accelerated in them. In that case the break in the spectrum 
is a measure of maximal SNR acceleration energy. Moreover, this would imply that 
another cosmic-ray component (or reacceleration) is required to come in before the 
,..., 1000 TeV cosmic-ray "knee," contrary to conventional models. 
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5.4.2 "GeV Excess" Explained by Dark Matter? 
In this chapter [58] we have tested the consistency of the model proposed by 
[7] with the diffuse Galactic Plane TeV gamma-ray observation of [95]. This model 
requires a conventional pionic component in order for the Ge V excess to originate 
from WIMP annihilation. We found that such a pionic component will then be able 
to account for only,...., 10% of the Milagro TeV gamma-ray flux. Thus, although the 
GeV excess could be explained this way, there still will be a potential TeV excess. 
However, due to large uncertainties regarding point source contribution to Milagro 
TeV gamma-ray flux of EGRET sources, our model-independent analysis is unable 
to rule [7] model in or out, on the basis of gamma-rays alone. On the other hand, the 
recent analysis by [112] does claim to exclude the [7] model on the basis of antiproton 
fluxes. 
[113] has proposed that dark matter annihilations may account for both the 
EGRET GeV excess and the WMAP Galactic haze, through the inverse-Compton 
and synchrotron energy losses of electrons and positrons produced in the annihila-
tions. Though the mechanism of producing the Ge V gamma rays is different from 
that of [7], in both cases the gamma-ray spectrum is cut off at energies above the 
dark matter mass, presumably,...., 100 GeV. 
5.4.3 Answering the Questions: Observations 
Some of the existing and upcoming gamma-ray experiments will be able to answer 
the questions we have raised. Namely, the Gamma-ray Large Area Space Telescope 
[GLAST; 114] will make observations in the 10 MeV - 300 GeV energy band, which 
means that it will go about an order of magnitude higher in energy than EGRET, and 
will thus have the first view into this "unopened window" in energy. This will give new 
understanding of how GeV and TeV diffuse Galactic Plane gamma-ray observations 
connect. It will tell us more about the nature of the Ge V excess and how high it 
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extends in energy. In particular, GLAST observations of diffuse emission could find a 
break in the diffuse gamma-ray spectrum, which would point to the nature of the GeV 
excess. Though a potential break could be due to high inverse Compton component 
[94], it could also have a dark matter origin; the shapes of two spectra may differ 
enough to make separation possible. 
GLAST observations of point sources at such high energies should uncover the 
break in their spectra implied by the overproduction of TeV gamma-rays when GeV 
data are extrapolated without a break (Fig. 5.3). A possible break, along with in 
general a better determination of point source spectra, could place strong constraints 
and possibly give a definite answer about the existence of the diffuse TeV excess. 
Discovering a break in the spectra of supernova remnants in particular would imme-
diately have important consequences for the nature of Galactic cosmic rays and thus 
hadronic gamma-rays. This feature would indicate a maximum cosmic ray energy 
which then should also limit Galactic cosmic rays accelerated by supernovae. Any 
cosmic rays above such energies must be accelerated from other sources, Galactic or 
otherwise. 
The Very Energetic Radiation Imaging Telescope Array System [VERITAS; 115] 
will complement and partially overlap with GLAST by observing in the energy range 
of 50 GeV - 50 TeV. VERITAS enjoys greater flux sensitivity compared to Mila-
gro. Consequently, VERITAS should better determine the intensity of diffuse Galac-
tic Plane gamma-ray emission. At least as important, VERITAS has far better 
point source sensitivity, which results in far lower contamination by unresolved point 
sources. All of this will allow VERITAS to place strong constraint on the possible 
diffuse nature of the TeV excess and in turn constrain the pionic gamma-ray compo-
nent. 
The High-Energy Stereoscopic System (HESS) is already surveying point sources 
[116]. Its sensitivity is similar to VERITAS, and thus it is in the position to already 
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answer some of these questions. Although it is located in the southern hemisphere, 
and does not observe the same region of the Galactic Plane as Milagro, an independent 
measurement of the diffuse gamma-ray flux would help resolve some of the issues we 
have presented in this chapter [58]. A possible diffuse Galactic Plane gamma-ray 
measurement made by HESS could be used to check for consistency with EGRET 
observations, in a similar way as presented in this chapter. The much better angular 
resolution of HESS compared to Milagro would give a result far less dependent on the 
unresolved point sources. Thus, a potential discovery of a diffuse TeV excess even in 
this case would then tell us a lot about the nature of this excess. We also note that 
the MAGIC telescope, a very large atmospheric imaging Cerenkov telescope, has a 
very low energy threshold, down to 30 Ge V [117], and will thus also be a powerful 
probe. 
Moreover, very recently, the HESS Collaboration has reported the discovery of an 
apparently diffuse flux from a very small region at the Galactic Center [118]. While 
near 200 Ge V, this flux is similar to expectations, it falls off less steeply (a = 2.3 
instead of 2.75), reaching an excess of at least a factor 10 near 10 TeV. While the 
spectrum here is falling less steeply than that which would be required to explain the 
Milagro TeV excess, the remarkable similarity of the excess suggests that a common 
origin is possible, e.g., perhaps due to source cosmic rays [119; 120]. Note that Milagro 
has only measured a single point - the flux above 3.5 TeV - and hence cannot yet 
distinguish between possible new spectra emerging near that energy. 
If the enhanced gamma ray flux seen by Milagro indeed arises from neutral pion 
decays, as in the model of [119; 120] with enhanced high-energy cosmic ray fluxes 
near sources, then it must be accompanied by an equally enhanced flux of neutri-
nos from charged pion decays. (In proton-proton collisions at high energies, neutral 
and charged pions are produced in comparable numbers; the neutral pions decay to 
two gamma rays, and the charged pions ultimately decay to three neutrinos and an 
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electron or positron.) The same conclusion would hold if the Te V flux excess is due 
to dark matter annihilations [7; 113] or unresolved sources in which the gamma rays 
are produced by pion decays. If the excess gamma rays are produced leptonically, 
by inverse Compton scattering, there will not be accompanying enhanced neutrino 
fluxes. These considerations may allow new tests of the Te V excess in IceCube and 
other large neutrino detectors [121-123], for which the detection prospects would 
be enhanced by a factor approaching 10, and more if the excess persists to higher 
energies. 
Finally, as we have emphasized, gamma-ray energy spectra provide the most di-
rect and model-independent probe of pionic production and hence hadronic cosmic 
rays. However, the sky distribution of course also provides important clues [94], and 
the warp in the Galactic Plane may be helpful for separating the pionic gamma-ray 
component. Since the cosmic rays are believed to be isotropic within the Galaxy, the 
pionic component of the gamma ray flux should be proportional to the column den-
sity of gas along the line of sight, whereas the inverse Compton component depends 
on the radiation density. Three-dimensional models of the Galactic neutral hydrogen 
density, revealed by the Doppler-shifted 21-cm line emission, show that the Galactic 
Plane is strongly warped at radii ;::;:, 10 kpc [124]. Some evidence of this warp can be 
seen in neutral hydrogen column density maps [125], showing up as an excursion to 
positive latitudes near Galactic longitude R ,.._, 100 and an excursion to negative lati-
tudes near R ,.._, 260. In the energy range corresponding to pionic gamma rays, these 
same features should be seen. While some evidence of this effect was noted earlier 
[1], it appears to be easiest to see in the new EGRET maps of [126], which are shown 
for several energy ranges (note the high-resolution figures are only available online). 
Here the warp effect can be quite easily seen in several of the maps, which probably 
implies that the distribution of all gas is similar to that of neutral hydrogen alone. 





tion, the non-trivial geometry would allow for the first time some information about 
distances along the line of sight. While our comments here are only qualitative, we 
are unaware of any published correlation of the EGRET and 21-cm maps. The future 
GLAST mission, with significantly better sensitivity and angular resolution, should 
allow much more detailed studies. 
5.5 Te V Excess: Possible Outcomes 
The nature and origin of the diffuse gamma-ray emission from our Galaxy at Ge V 
energies [1] has become an increasingly pressing problem, with the GeV excess [94] 
seeming to demand new astrophysics (e.g., high-energy cosmic-ray populations) or 
new physics (annihilating dark matter). The Milagro detection [95] of a TeV Galactic 
signal, possibly of diffuse origin, invites us to place the Ge V emission in a larger 
context. In this chapter [58], we show that Te V and Pe V gamma-ray observations 
provide a long "lever arm" on the GeV excess and its origin. 
In particular, the combined GeV-TeV-PeV observations shed new light on emis-
sion due to hadronic cosmic-ray interactions. These hadronic gamma-rays must exist 
at some level, and appear with a characteristic spectrum fixed by pion decay and the 
primary cosmic-ray spectrum. Since the "pion bump" at E, = mir /2 is not seen, the 
evidence for pionic emission must come from the high-energy tail, which should dom-
inate over any leptonic (i.e., inverse Compton) signal at high energies (~ 1 TeV). For 
this reason, TeV-PeV data offer key new constraints on pionic gamma-rays, which can 
allow us to determine the hadronic gamma component and thus isolate the residual 
contribution( s). 
Can we arrive at a consistent picture of high-energy Galactic gamma-ray emission? 
Yes, though present data are insufficient to single out a unique combination of sources. 
However, some conclusions are already clear: (a) The simplest picture, in which pions 
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are created from cosmic-rays with energy spectra as measured locally, is inconsistent 
with published EGRET and Milagro data. (b) Besides the "Ge V excess" identified 
by EGRET, a "TeV excess" is likely to be present as well. We have shown that one of 
the main uncertainties in accounting for the [95] diffuse TeV gamma-ray observation 
comes from unresolved sources. (c) As we have pointed out, indications of a possible 
break in spectra of some point sources can have important consequences for cosmic-
ray acceleration. (d) The true picture of Galactic gamma-rays, which might follow 
several scenarios, can be revealed with further observations. 
1. One possibility is that the TeV excess is indeed is truly diffuse and due to 
pionic emission [95]. In the simplest picture, this would be a scenario where 
no break in the diffuse gamma-ray spectrum is observed between the Ge V and 
TeV regimes. This would in turn require a spectral index a= 2.61, as pointed 
out by the Milagro Collaboration, which would indicate that measured local 
cosmic-ray spectrum is different from, and harder than, the Galactic average. 
This would also mean that the pionic component is very close to maximal, if 
not larger, as shown in Fig. 5.1. In this case, the spectrum should follow the 
same power law out to the PeV region. This PeV signal would lie just below the 
current limits, awaiting discovery (or falsification!) with modest improvements 
in sensitivity. 
Such a hard pionic spectrum would greatly reduce the Ge V excess, lessening the 
motivation for a large inverse Compton or dark matter component. For a more 
realistic pionic spectrum, there is the well-known problem of the Ge V excess. 
We are noting here that models which explain the Ge V excess with a low pionic 
normalization and new component at Ge V energies must now be confronted 
with the Te V excess that they create. 
2. Another possibility is that the Te V excess is truly diffuse, but not due to in-
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terstellar pionic emission. This would be the case if there is a "hard electron 
component,'' i.e., with a spectrum not observed locally [see e.g., 127; 128]. Such 
an anomalous component could create an inverse Compton signal which com-
poses the Ge V excess, but also extends to Te V energies where it dominates 
over the pionic component. This scenario would result in a gamma-ray spectral 
break at a few tens of GeV. Having a definite handle on the inverse Compton 
component would in turn determine the pionic gamma-ray component. More-
over, because the hard electron spectrum model explains a large fraction of the 
GeV excess, it thus excludes dark matter explanation. However, if the TeV ex-
cess cannot be explained with the inverse Compton component, then this would 
indicate a more exotic solution. 
3. Just as the GeV excess raises the exciting prospect of a dark matter signal 
[7], so too does the Te V excess. This scenario is testable. If the Te V excess 
is due to annihilations, one expects a strict cutoff above the mass of the dark 
matter particle (which necessarily must be rather heavy, moM ~ E')',Milagro ;:::: 3.5 
TeV); this should appear as a break or perhaps even a peak in the gamma-ray 
spectrum. Also, the evidence for the Te V excess comes from the Milagro region 
which lies £ > 40° from the Galactic center, and thus probes rather peripheral 
Galactocentric radii R > R0 sin£ '.::::'. 5 kpc. Given that dark matter densities 
(and the resulting annihilation rate ex: n5M) are expected to peak at the center, 
one would expect a rapid increase in the diffuse signal as one scans from the 
Milagro region to the Galactic center. And a dark matter interpretation of 
either or both gamma-ray signals faces similar challenges from other high-energy 
particle observations [e.g., 112]. 
4. Finally, the Te V excess could result from unresolved isolated sources such as 
supernova remnants. This scenario could easily be checked by surveying for 
Te V point sources in the Galactic region observed by Milagro. Indeed, the 
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EGRET sources in the Milagro region appear as "hot spots" on the Milagro 
map, though it is unclear how significant this may be. Also, another observation 
of the diffuse Galactic Plane TeV gamma-rays could yield a flux that does not 
require a Te V excess, but is instead consistent with a diffuse pionic emission 
with a more conventional spectral index. Thus it is crucial that VERITAS TeV 
telescope surveys the EGRET sources, especially the ones in the region observed 
by Milagro. 
A measurement of the diffuse Galactic Plane TeV gamma-ray flux with better 
resolution telescopes like VERITAS and HESS would not only confirm the Milagro 
detection, but also would provide much sharper angular resolution of the signal. 
These additional data could significantly tighten the constraints based on gamma-ray 
spectra, and open up the possibility of distinguishing the diffuse Te V sources based 
on the sky distribution. 
Thus, existing diffuse gamma-ray observations of the Galactic plane are consistent 
with an energy spectrum that is at once empirically simple (a broken power law) yet 
stubbornly resistant to theoretical explanation. Fortunately, upcoming observations 
across the Ge V-Te V-Pe V range will add qualitative and quantitative detail that will 
distinguish among and/or exclude the possible sources of the highest energy photons 
in our Galaxy. 
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Chapter 6 
Probing Primordial and 
pre-Galactic Lithium with High 
Velocity Clouds 
6.1 Overview 
The primordial lithium abundance currently presents a pressing cosmological co-
nundrum. The recent Wilkinson Microwave Anysotropy Probe (WMAP) determina-
tion of the cosmic baryon density [56], combined with big bang nucleosynthesis theory 
(BBN), tightly predicts the primordial 7Li abundance [28], but Li measurements in 
halo stars give values lower than this by factors of;::: 2. Moreover, the 7Li problem 
becomes even worse when one realizes that there is likely to be an additional pre-
Galactic source of lithium, which would have arisen during the formation of the Local 
Group, namely, from the structure formation cosmic rays (SFCRs). However, the 
limits are still week, and as we have shown in chapter 3 [4] EGRB observation still 
allows a significant fraction of the pre-Galactic Li to be produced by SFCRs. 
To date, halo stars are the only sites suitable for observations of pre-Galactic Li 
and have proven to be a very powerful tool for studies both of cosmology and of 
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cosmic rays. But given that the observations are dominated by systematic errors 
[29; 129], it is critical to identify other independent sites in which pre-Galactic Li 
can be measured. Recently, [130] pointed out that observations of highly redshifted 
(z,....., 500) lines from cosmic Li recombination can be used to probe the Li abundance 
at these very early epochs. This method could prove very powerful but is not yet 
available. In the meantime, in this chapter 1 [59], we propose a new site that is 
currently accessible. 
A way to independently test the pre-Galactic Li abundance is to look at high-
velocity clouds (HVCs). These are gas that is falling onto our Galaxy, and the lowest 
metallicity clouds have a metallicity of about 10% of solar. These low-metallicity 
HVCs thus should have a mostly pre-Galactic composition, with a small contami-
nation from the Galaxy. Moreover, these cold clouds are free of the possibility of 
thermonuclear depletion, which complicates the interpretation of halo star Li abun-
dances. 
Thus, measuring Li in HVCs would provide an important test of the Li problem: 
if the measurement is consistent with the WMAP+BBN Li abundance (i.e., at that 
level or above), it would indicate that low Li measured in halo stars is a convection 
problem, or if measurement is below the WMAP result it would indicate that the Li 
problem is more severe and requires more radical solutions. Also, the measurement 
of Li in HVCs would test the significance of the SFCR contribution to Li production. 
6.2 High-Velocity Clouds 
Clouds of neutral hydrogen HI that significantly depart from the normal Galactic 
rotation, i.e., that have velocities with respect to the local standard of rest lvLSRI ~ 
90 km/s, are called HVCs [131]. Both positive and negative velocities are observed; 







however, the sign of their radial velocity does not directly imply that their full space 
motion is either away or toward the Galactic plane. Although determination of their 
distances is very uncertain, the limits can go up to tens of kiloparsecs [132]. HVCs 
contain heavy elements and exhibit a wide range of metallicities, which in some clouds 
can be as low as 1/10 of solar [132]. 
A few models for their nature have been proposed. Some HVCs may be of Galactic 
origin, e.g., in the Galactic fountain model [133; 134], while others may be extragalac-
tic [135-137], resulting from the accretion of gas that was left over from the formation 
of the Galaxy. HVCs consistent with Galactic origin would have normal metallici-
ties as opposed to those with extragalactic origin, which are expected to have lower 
metallicities [131]. There is also another type of object, like the Magellanic Stream, 
which represents material that was stripped from satellite galaxies. 
When measuring abundances, it is crucial to know the dust content of the HVC, 
in order to correct for the depletion onto dust; this effect is known to be very large for 
local interstellar abundances [34]. The effect of dust is such that it "hides" some frac-
tion of the present abundance and thus introduces non negligible upward corrections 
to the observations of gas-phase abundances. In particular, a gas-phase observation 
of Li is always a lower bound to the true abundance. Searches for the dust in HVCs 
[138-140] give negative results, indicating either a dust content much lower than in 
low-velocity HI clouds or that the dust is very cold [131]. Also, [141] found recently 
that HVC Complex C has little or no dust, based on the iron abundance. We note 
that in another class of low-metallicity objects, the QSO absorption systems, there is 
also evidence that dust depletion is small, at least in some systems [142]. 
Thus, HVCs with low metallicities and little dust, like Complex C [141], are very 
promising sites for testing the pre-Galactic lithium. Complex C would be particu-
larly suitable for this measurement since [143] have already measured the deuterium 
abundance there and found it to be consistent with the primordial abundance inferred 
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from the WMAP. Complex C is observed to have low metallicity, although there are 
also indications that its origin might be from the material that was tidally stripped 
from a satellite galaxy, like in the case of the Magellanic Stream [141]. In that case, 
Complex C might not be as pristine as one would want it to be in order to test the 
pre-Galactic lithium; however, it is still the most promising candidate for such a task. 
6.3 Lithium in HVC: Expectations 
We will take the point of view that low-metallicity HVCs consist of infalling extra-
galactic (i.e., intragroup) matter, with some admixture of Galactic material respon-
sible for the nonzero metallicity. We thus expect the HVC lithium to consist of at 
least two components: (1) primordial 7Li plus (2) some amount of 6Li and 7Li from 
Galactic processes; it is also likely that there is a third component due to SFCRs. 
The Galactic Li sources are Galactic cosmic rays [which make 7Li and are the only 
Galactic source of 6Li; see 22; 24; 82] and other sources of 7Li: the supernova neutrino 
process [e.g., 26] and low-mass giant stars [144]. In models of the Galactic chemi-
cal evolution of Li, both the Galactic cosmic-ray Li components and the supernova 
component scale linearly with metallicity [29]. The evolution of stellar Li is more 
complex [77] but is only important at the highest metallicities (,<: 10-0·8 solar) and 
to a rough approximation also scales linearly with metallicity. Of course, it is unclear 
whether the Galactic contribution to HVC Li should be taken as a diluted form of 
the solar component or as the predicted value at the HVC metallicity, but as long as 
the Galactic component scales linearly with metal content, these two results should 
be the same. 
Thus, the total (pre-Galactic plus Galactic) Li content in an HVC would depend 
on the cloud metallicity, and the pre-Galactic component should be more dominant 
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the lower the metallicity. One would thus expect to find 
(6.1) 
(6.2) 
where the notation Li = Li/H = nLi/nH represents the lithium abundance. The 
primordial lithium abundance is given as 7Lip [28], while the solar abundances were 
taken from [76]. The final, numerical value is that appropriate for the HVC Complex 
C [143], which has Z = Z0 /6 as determined from the oxygen abundance, as described 
in the next section. 
Measuring at or above this limit would be consistent with the BBN prediction 
of primordial Li abundance and would thus indicate that the solution to the lithium 
problem should be found in stellar modeling. Moreover, this measurement would also 
be a valuable test of additional sources of pre-Galactic lithium, like SFCRs. Since 
the Galactic contribution in eq. (6.2) is about the same as primordial, a measurement 
above this level would indicate the presence of an additional source of Li (from the 
presence of dust, it always follows that LiHvc ~ Liobs ). The value in eq. (6.2) 
includes the Galactic contribution, which is essentially "guaranteed". In addition, 
SFCRs should provide an additional Li source, particularly if the HVCs really are 
intragroup gas that has been exposed to the Local Group SFCR flux. In chapter 
3 we [4] have used a model-independent way to constrain the SFCR-Li abundance 
range, which by using (6.2) comes to be about 0.4 - 5.6 of the Galactic HVC lithium 
component. Thus, if Li in HVCs was found to be sufficiently above the primordial 
level, the excess over the Galactic contribution could be attributed to SFCRs, which 
would then give us more insight into this cosmic-ray population. This way, we could 
limit the level of contamination of ISM-Li with SFCR-made Li, which could possibly 
find its way into our Galaxy through the in falling HVCs. 
However, we stress that measuring lithium below the level in eq. (6.2) is also not 
excluded, in which case the already existing lithium problem would become more 
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severe. Granted, one would then be able to argue that this just indicates that there 
is more dust than it was assumed at first; however, one would then have to explain 
why lithium would be more affected by dust than some other elements that indicate 
a low presence of dust [141]. 
6.4 Lithium in HVC: Observability 
Although measuring lithium in the HVCs would be a way to test (and possibly re-
solve!) the lithium problem and SFCRs, the question is whether this measurement can 
realistically be made. Lithium measurements in diffuse gas are particularly difficult 
because of the low abundance and hence small column density. For example, local in-
terstellar medium (ISM) observations typically find an Li column of order""' 109 cm-2 
[145]. Thus, to compensate for the low column density and make a successful Li obser-
vation in a cloud of gas, one needs to look toward a very bright background object. In 
the case of the local ISM, [145] exploited bright stars (mv ""' 1- 6) to successfully ob-
serve diffuse Li and even to resolve isotopic lithium abundances using high-dispersion 
spectra. 
Lithium measurements in the HVCs would resemble the ISM measurements in 
the sense that both systems contain diffuse, gas-phase Li. However, the observed HI 
column in, e.g., the HVC Complex C (toward the QSO PG 1259+593) is N(HI) ~ 
1020 cm-2 [143]. This indicates that the Li column can be ,<; 1010 cm-2 ; indeed, 
eq. (6.2) gives N(Li) = 7 x 1010 cm-2 for a hydrogen column of N(HI) = 1020 cm-2 . 
Thus, with respect to the column density, HVCs are more favorable sites for mea-
suring Li than the ISM. On the other hand, local ISM Li measurements can exploit 
nearby bright stars, while for HVC measurements, one would have to observe toward 
an extragalactic object. In that case, the brightest candidates are QSOs, of which 
the brightest are mv ""' 15, about 104 times dimmer than stars used in the ISM 
87 
measurements. Finally, one would have to worry about the presence of dust in the 
HVCs, but [141] found elemental abundances that imply that Complex C contains 
little or no dust. On the other hand, depletion onto dust is a significant effect for the 
ISM Li measurements. This is the main reason why the expected Li column in HVC 
Complex C (rv 1010 cm-2 ) is so much bigger than the ones reported by [145]. 
Thus, we see that observing Li in an HVC is more challenging than in the ISM, but 
the measurement is an important one and is not beyond the reach of current instru-
ments. Although it would be very interesting and important to resolve isotopic lithium 
abundances in the HVCs using a high-dispersion spectrum, the first step should more 
realistically be to obtain an elemental Li abundance, using a low-dispersion spectrum. 
An elemental Li abundance would still provide important answers about the lithium 
problem and possibly give a valuable insight into the population of cosmic rays that 
originate from the large-scale structure formation. 
To get the sense of the observability of elemental Li, consider the [145] observations 
of the ISM lithium, where isotopic lithium abundances were successfully measured and 
resolved. For example, the Li column density toward the Per X star ( mv,* ~ 6) is 
N(Li) "" 5 x 109 cm-2 , which is about 10 times lower than the expected column of 
the elemental Li in Complex C toward QSO PG 1259+593 (mv,QSO ~ 15). However, 
the star used in the ISM Li measurement has about 4000 times larger flux than the 
quasar that could be used in the HVC Li measurement. Thus, for the same exposure 
time and spectral resolution that was used in the [145] ISM measurement of 6Li, 
the HVC Li observability would be about 300 times lower; that is, a similar isotopic 
measurement would require that much larger an exposure time. The ISM Li isotopes 
were measured with an exposure time of about 100 ks, so measuring Li isotopes in 
HVCs does not seem feasible at present. 
However, [145] used a 2.7 m telescope for their ISM-Li observation. Thus, if one 
were to use a 10 m telescope to observe Li in HVC Complex C, this would increase the 
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observability by a factor of about 14; i.e., the HVC Li exposure time would now be 
about 20 times higher compared to the [145] ISM-Li measurement. This is still quite a 
challenge in terms of a reasonable exposure time. It is important to note that the [145] 
measurements were made with impressive spectral resolution. However, much lower 
resolution would be quite sufficient for measuring the elemental lithium abundance, 
as in the first measurements of elemental Li in the local ISM [146; 147]. Thus, by 
having a spectral resolution that is about a factor of 6 lower than the one obtained by 
[145], the exposure time needed for the elemental lithium measurement in Complex 
C would be about 300 ks. Therefore, even though this is just a crude estimate, we 
believe that, although challenging, elemental lithium is reasonably observable in a 
suitable HVC sight line, such as that toward QSO PG 1259+593. 
Thus, we strongly urge that Li be measured in one or more low-metallicity HVCs, 
since any detection, at or above the level given in equation (6.2), would be of profound 




In this thesis we have shown that, because both lithium and hadronic gamma-rays 
are produced in cosmic-ray interactions, there is an intimate link between them, which 
can be utilized as a powerful probe of lithium nucleosynthesis, the diffuse gamma-ray 
sky and cosmic-ray populations. 
We have used the Li-gamma-ray connection to test, in a model-independent way, 
the still-putative population of structure formation cosmic-rays, which adds to the 
severity of the already existing 7Li problem. Namely, using the EGRB we use two 
different lines of argument to place an upper limit on the SFCR contribution to pre-
Galactic lithium in halo stars. Such a component of lithium would be confused with 
the true primordial abundance and thus would exacerbate the existing deficit in halo 
star Li relative to the CMB-based expectations of BBN theory. Unfortunately, current 
EGRB data are such that our model-independent upper limit (which assumes, among 
other things, that all SFCRs are created prior to any halo stars) is very weak. In 
particular, we cannot exclude the possibility that a significant portion of pre-Galactic 
lithium is due to SFCRs. We thus find that the nucleosynthesis aspects of SFCRs 
are important and deserve further more detailed study. However, we have pointed 
out that a possible observation of lithium in high-velocity clouds could be a powerful, 










Applying our tool on the fiducial case of 6Li originating from Galactic cosmic-ray 
interactions, potentially revealed yet another lithium problem. Namely, with a sim-
plified approach, we found that the observed extragalactic gamma-ray background 
allows for only ,...., 253 of the solar 6Li abundance to be produced by GCRs. Refine-
ment of this result in a rigorous way revealed that the solar 6Li problem still persists, 
although it is now less severe. More specifically, a realistic, detailed calculation that 
includes 6Li production from both fusion reaction with the ISM and spallation CNO 
channels (2-step inverse kinematics also included), yields a 6Li abundance that is 
only ~ 603 of the total 6Li produced, if standard GCRs are the only relevant source. 
Correcting for astration will result in even lower 6LiacR abundance at the level of 
,...., 453 6Litot· 
Additional sources of 6Li are of considerable current interest, because of the recent 
report of a 6Li plateau in metal-poor halo stars [148]. As with the familiar 7Li Spite 
plateau, an analogous 6Li feature would suggest a pre-Galactic source of 6Li. And 
indeed, recently two very different cosmological sources of 6Li have been proposed: (1) 
production in the early universe, stimulated by supersymmetric dark matter particle 
decays during big bang nucleosynthesis [49; 50; 149-151]; and (2) production during 
the virialization and baryonic accretion of large-scale structures, which generates 
cosmological shocks [37] that can in turn accelerate a population of cosmological 
cosmic rays [40; 48, but see [152] for constraints]. 
However, the 6Li plateau is at ;:S 103 level of the 6Li0 , and thus whatever its source 
is, it will not be able to account for the factor ~ 2 discrepancy between 6Li0 and 
6LiacR we have found. On the other hand, the existence of the 6Li plateau at the 10% 
level of the solar abundance for metallicities [Fe /HJ ;:S -1, can be used as a constraint 
to any non-standard 6Li source that is expected to account for the potentially missing 
~ 403 of 6Li0 . Moreover, 6Li plateau would indicate that such a source would have 
to become important only at late times, and near-solar metallicities. 
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We note that another additional source of 6Li could come from a population of 
cosmic rays having low energies (;S 100 Me V). Such particles are excluded from the 
solar system and hence not directly constrained observationally. A large flux of such 
particles, well above the extrapolated observed high-energy trends, could produce 
large additional amounts of 6Li but no pions and hence no pionic 1-rays. Indeed, re-
cent observations of Ht in molecular clouds [153] seems to demand a large low-energy 
cosmic-ray flux in the neighborhood of these clouds. On the other hand, low-energy 
cosmic rays widespread enough to participate significantly in LiBeB nucleosynthesis 
on Galactic scales face strong constraints that come from energetics [154] and from 
LiBeB abundance ratios [155]. These limits are evaded if the solar 6Li reflects a lo-
calized low-energy cosmic ray enhancement, either due to a hypernova-like Type le 
supernova [156; 157], or to solar cosmic-ray production in the protosolar nebula [e.g., 
158]. In either case, the other 7LiBeB will be produced and constrain the allowable 
6Li contribution. 
Throughout this work we have assumed that the Milky Way CR fluence can be 
approximated with the cosmic mean. Therefore, our result might indicate that more 
6Li was being produced than 1-rays would suggest, which would be the case if the 
Milky Way CR flux was at some time(s) a factor of'""' 2 (on average) higher than the 
typical CR flux in a normal galaxy. 
If indeed our finding of an unexplained component to solar 6Li points to enhanced 
cosmic-ray activity, this in turn would point to anomalies in Milky Way star formation 
and/or cosmic-ray properties. We have assumed that the cosmic ray fluence here is 
typical of the mean star-forming galaxy (FMw / Favg = 1). If instead our Galaxy had 
a more vigorous cosmic-ray history, this could account for the difference. Also, we 
have in our most realistic assessment normalized to the Milky Way pionic gamma-ray 
luminosity. Of course, being that pionic signature has not been observed in the diffuse 
Galactic Plane gamma-ray sky, this normalization is model dependent. However, we 
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have demonstrated how, by using observations over a wide energy range GeV-TeV-
PeV, answering the question of the diffuse pionic gamma-ray fraction will be in the 
reach of upcoming experiments. Moreover, such long lever arm also reveals a potential 
"Te V excess" which can have important consequences for GCR acceleration theory. 
Thus, as we have shown in this thesis, Li-gamma-ray connection provides a pow-
erful tool even when there are only limits to the diffuse pionic gamma-ray emission. 
Upcoming gamma-ray experiments will go far to clarify the nature of Galactic and 
extragalactic pionic gamma-rays, and hence 6Li and pre-Galactic 7Li production. 
GLAST could detect the pionic ')'-ray signature from diffuse Galactic emission as well 
as in the EGRB; this would remove the need to estimate these components, and give 
a deeper insight into existing lithium problems. 
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Appendix A 
Notation and Normalization 
Conventions 
The interactions of cosmic-ray species i with target nucleus j produces species k 
at a rate per target particle of 
(A.1) 
Here Eis the cosmic-ray energy per nucleon, aij-.k is the energy-dependent production 
cross section, with threshold Eth,k, and ¢i is the cosmic-ray flux. The rate per unit 
volume for i + j --t k is thus qk = rknj. 
Note that the flux in eq. (A. l) is position- and time-dependent. To isolate this 
dependence, it is useful to define a total, energy-integrated, flux 
(A.2) 
where we choose the lower integration limit to always be the minimum threshold 
Eth,min for all reactions considered; in our case this is the a: + a: --* 7Li threshold of 
8.7 MeV /nucleon. From eqs. (A.l) and (A.2) it follows that 
(A.3) 
94 
represents a flux-averaged cross section. Also note that if the spectral shape of ¢i is 
constant (as we always assume), then so is (Jij--->k, and the flux <I>i contains all of the 
time and space variation of r k. 
Finally, two conventions are useful for quantifying abundances. Species i, with 
number density ni, has a "mole fraction" (or baryon fraction) Yi = ni/nb. It is also 
convenient to introduce the "hydrogen ratio" Yi = ni/nH = Yi/YH. 
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Appendix B 
Cosmic Gamma-Radiation Transfer 
The expression for 'Y-ray intensity in a Friedmann universe is well-known [159], 
but usually expressed in redshift space. For our purposes, the result expressed in 
the time domain is critical, and indeed is more fundamental, so we give a derivation 
based on the Boltzmann equation. For this section we adopt units in which c = 1. 
The differential photon (number) intensity I is directly related via 
I(p, x, t) = p2 j(p, x, t) (B.l) 
to the '/'-ray distribution function f (p, x, t) = d3 N / d3pd3x. Here p and x, as well 
as the volume elements, are physical quantities (and thus subject to change with 
cosmic expansion). The distribution function is related to the photon sources via the 
relativistic Boltzmann equation 
(B.2) 
where gravitational effects enter through the Affine connection r, where E = p = IP1, 
and where the source function (number of photons created per unit volume per unit 
time) is q. 
For an isotropic FRW universe we have J = J(E, t), and thus 







where q(E) = dq/dE and where we neglect photon scattering and absorption. 
We now note that a given photon's energy E drops due to redshifting as a-1. It 
is thus useful to define a comoving energy E = aE; with a(t0 ) = 1, we see that E is 
also the present-day (observed) photon energy. Changing variables from J(E, t) to 
f(E, t), and similarly for q, the energy-dependent 8€ term drops out; this is physically 
reasonable since we do not allow for scattering processes, and thus a photon's energy 
can only change due to redshifting. We then have 
(B.4) 
which, for any fixed comoving energy E, integrates to 
1 1t f(E, t) = - 2 dt' a2 q(E/a) 47fE o (B.5) 
Equation B.l then gives the intensity 
(B.6) 
where qcom = a3q is the comoving source rate. Equation B.6 is the usual expression 
(which is often then expressed in terms of an integral over redshift). Finally, if we 
integrate over the entire energy spectrum, and evaluate at the present epoch t0 (when 
a0 = 1), we have 
l oo 1 1to I(> 0, to)= dE l(E, to)= - dt' qcom(> 0) 0 47f 0 (B.7) 
where qcom(> 0) = f000 du q(u) is the total source rate, integrated over energy. 
We see from eq. B.7 that the energy-integrated intensity is the same as one would 
find from uniform sources in a non-expanding universe (which have been "switched 
on" for a duration t). This result is physically sensible, because the two effects of 
cosmic expansion are to introduce a particle horizon and redshifting. The energy 
integration removes the effect of redshifting, so that the only effect is that of the 
particle horizon, which acts to set the integration timescale. 
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Appendix C 
CNO Reaction Rates 
The reaction rate for production of species k from i + j -+ k + ... where i is the 
projectile and j is the target can be expressed as (in units of cm-3s-1Gev-1) 
(C.1) 
We can express the flux of cosmic-ray species i as cPi = YicPi,p where Yi is the abundance. 
The flux of species i, cPi,p' is equal to the cosmic-ray proton flux at high energies where 
losses are dominated by the escape in the leaky box model. At energies ;S 1 Ge V the 
ionization losses become important and thus the spectra of different CR species have 
strong dependence on the charge and nucleon number (see eq. 4.5). Writing ni as 
yjnp we can now rewrite equation (C.1) in the form 
(C.2) 
In order to calculate the contribution of spallation reaction to 6 Li production com-
pared to the fusion channel, we will set the normalization by determining eg. the 
oxygen abundance (we will express C and Nin terms of oxygen abundance) for which 
the two rates (CNO spallation and cw: fusion) would be equal. That is, we want 
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qcNo = qo:o:· We can write this as 
where we include both forward and inverse (i.e. fast heavy nuclei) kinematics. Setting 
(C.4) 
and adopting the abundances [76] Ye/Yo = (Yc/Yo) 0 = 0.42, YN/Yo = (YN/Yo) 0 = 
0.13 and y~r = y~m = 0.1 we can now solve eq. (C.3) for the oxygen abundance to 
find 
Yo = 





This now sets the normalization and allows as to estimate how CN 0 and cw: reaction 
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